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ABSTRACT

DISCOVERY AND STUDY OF SINGLE-PHASE AND SINGLE-ION MANGANESE
PEROVSKITE MULTIFERROICS
Kamal Chapagain, Ph.D.
Department of Physics
Northern Illinois University, 2019
Bogdan Dabrowski, Director

Multiferroic materials having unusual properties of simultaneous presence of
ferroelectricity (FE) and magnetism, such that FE can be controlled by magnetic field and
magnetization by electric field, have attracted interest due to their promising applications
in electrically controllable microwave elements, magnetic field sensors, and possibly in
spintronics. In this dissertation, the single-phase and single-ion multiferroic properties of the
ceramic oxide antiferromagnets (AFM) Sr1-xBax Mn1-yTiyO3 with perovskite structure are
discussed. These compounds were designed and developed in our laboratory by understanding
critical parameters controlling FE and magnetic properties, advancing the synthesis processes,
studying the structural behavior and intricate transitions, and characterizing dielectric and
magnetic

properties

over

the complex phase diagram of the manganites system.

Multiferroelectricity was achieved by forcing bonds between magnetic transition metals and
oxygen under internal tension through the proper selection of the sizes and charges of the Asite and B-site cations as predicted based on the Goldschmidt tolerance factor.
Synchrotron X-ray diffraction (XRD) and neutron powder diffraction (NPD) experiments
were used to study the structural, FE and magnetic properties. In the conventional FE titanates
BaMn1-yTiyO3, the solubility limit of manganese was extended to 1-y ~ 0.16, and the XRD data
taken at Argonne’s National Laboratory Advanced Photon Source showed increased
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temperatures of the coupled structural-ferroelectric transitions above 400 K. A complete solid
solution range of manganese ion on the Ti-site was obtained in SrMn1-yTiyO3 (0 ≤ y ≤ 1), which
showed cubic structure at room temperature. I was not able, however to induce the expected FE
properties. Samples with 0 ≤ y ≤ 0.3 showed antiferromagnetic (AFM) order below 233 K.
For the double-substituted compounds near x = 0.45–0.65 and y = 0–0.1, a transition from
cubic to the non-centrosymmetric FE tetragonal P4mm structure was increased to ~ 430 K on
heating, and observed at ~ 60 K lower temperatures on cooling showing unusually large thermal
hysteresis characteristic of the first order transition. The FE distortions c/a that are larger than the
distortions of the nonmagnetic BaTiO3 have been observed with a maximum estimated
polarization Ps of ~ 29 μC/cm2 at ~ 220 K. At lower temperatures, Ps calculated by atomic positions
of the refined NPD data was suppressed by less than 50% due to development of AFM phase,
indicating very strong coupling between FE and AFM. Similar Ps were found for x = 0.43–0.45
and y = 0 compounds as determined by the measured c/a ratios from the lattice parameters and by
the shift of the Mn/Ti and oxygen atomic positions from the NPD, but with larger suppressions of
Ps, ~75% observed below the AFM transitions. Experiments using hydrostatic pressure showed
rapid suppression of the FE transition and an increase of the AFM transition as confirmed also by
magnetic measurements. In search of new multiferroic materials I found the new solid solution
system BaMnxFe1-xO3 with the perovskite structure present up to 66.7% and, a recent XRD
indicated multiferroic behavior for x = 0.30.
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CHAPTER 1
INTRODUCTION

1.1. Perovskites: Structural Diversity of Transition Metal Oxides
Perovskites are ceramic materials, which have an atomic arrangement similar to a specific
mineral, CaTiO3 [1]. These materials are members of an oxide compound with the general
chemical formula ABO3, where A = Rare Earth Metal or Alkaline Earth Metal and B = Transition
Metals. The ideal perovskite ABO3 structure can be explained as an infinite three-dimensional
framework of corner-sharing BO6 octahedra, which has a similar structure to ReO3 [2]. The A
cation occupies the void created by eight corner-sharing octahedrons and the B cation is located at
the center of each octahedra, which is presented in Figure 1.1.1 (a). The perovskite can also be
described in terms of stacking of cation-anion layers, as shown in Figure 1.1.1 (b). The structural
diversity arises from structural flexibility of perovskite to tolerate cation replacement with
different transition metals at the B-site: for example, double perovskite A2BBʹO6 [2]. For ideal
perovskite, there is perfect matching between two layers that can be expressed in terms of the
Goldschmidt tolerance factor as,
𝒕=

𝑅𝐴 + 𝑅0
√2 (𝑅𝐵 + 𝑅0)

=

𝐴−𝑂
√2 (𝐵 − 𝑂)

(1.1)

where RA, RB, and R0 are the temperature dependent ionic radii of cations A (large, 12 coordinated
to oxygen), B (small, six coordinated), and anion O, respectively.
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Figure 1.1.1. (a) the ideal cubic perovskite SrTiO3 with A-site cation (Sr) at the center of
cuboctahedra and transition metal (Ti) at the center of octahedra. (b) The unit cell of stacking AO and B-O sublattices along c-axis [2].

The values of the ionic sizes for various coordination numbers and oxidation states at ambient
temperature are given in the Shannon table [3]. Based on the tolerance factor, which describes
geometrical constraints related to ionic sizes, a perovskite with t > 1 along with the classical
ferroelectric system, like BaTiO3, produces B-site driven ferroelectric materials in which the small
cation is displaced along the c-axis below Curie temperature Tc. For t = 1, the structure is an ideal
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cubic perovskite structure: for example, SrTiO3. The perovskite structure is possible within the
range 0.75 ≤ t ≤ 1 [4-5]. The tilted perovskite is formed due to the decreased average size of the
A-site cation. For t < 1, the A-site cation is driven out of the center of AO12 cuboctahedral
coordination. This distortion in the structure is due to rotation and tilt of the BO6 octahedra, and,
as a result, the materials are not ferroelectric. If t < 0.855, the hexagonal structure is formed, as
seen in RMnO3 (R = rare earth elements). However, it is found that the tolerance-factor arguments
failed to predict the stability range of perovskite of manganites and failed to predict a transition
from a distorted structure to hexagonal structure for the small A-site cation [6]. For example, a
compound YMnO3, transition occurs at a tolerance factor equal to or less than 0.85, whereas for
other perovskite compounds, such as YVO3 and YFeO3, no transition occurs at the same tolerance
factor [7-8].
The crystal structure and properties of perovskite often occur in response to changing in
ambient temperature and pressure, which I discuss in detail in Chapter 5. Atomic substitutions on
A-site and B-site of perovskite also change its physical properties. In this project, the substitutions
of ion on B-site induce displacive type distortions, which I discuss in Chapter 3, 5 and 6. The ionic
sizes tabulated in the Shannon table were based on the assumptions of ionic bonding and could not
always predict the A-site ions because they often depend on the electronegativity of B-site ions.
Therefore, the accurate bond lengths A-O and B-O can be measured by using the Neutron Powder
Diffraction (NPD) method. NPD is more sensitive than X-ray diffraction (XRD) to light atoms and
their intrinsic magnetic moment, making it an important tool to study the magnetic and structural
properties of materials. NPD open the door for the study of the structural and physical properties
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of titanium and manganese-based perovskite in phase diagram (Sr,Ba)(Mn,Ti)O3. Several studies
of oxide compounds based on perovskite structure have reported that these materials exhibit
diverse properties, including ferroelectricity, multiferroicity, high temperature superconductivity,
and colossal magnetoresistivity [9-14]. In this dissertation, I am focusing on multiferroic properties
of manganese-based perovskite structure.

1.2. Background: Multiferroics and Ferroelectric
The discovery of a multiferroic materials has become a great interest in modern science
and technology in terms of their potential applications. The linear coupling between the magnetic
and electric fields in media was discussed theoretically by Landau and Lifshitz in the late 1950s
[15]. However, in the 1960s and 1970s, there was not much interest in this area. The term
“Multiferroic” relates to more than two ferroic orders, such as ferroelectricity, ferromagnetism,
and ferroelasticity that are present simultaneously in the same single-phase material, as observed
by H. Schmidt in 1994 [16]. Since then, extensive research studies have been done to discover,
understand, and identify the complexities of these materials. This project aims to design and
develop new ferroelectric and multiferroic perovskite compounds by understanding critical
parameters controlling ferroelectric and magnetic properties, advancing the synthesis processes,
studying the structural behavior and intricate transitions, and characterizing dielectric and
magnetic properties over the complex phase diagram of the system (Sr, Ba)(Mn,Ti)O3, as shown
in Figure 1.2.1.
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Figure 1.2.1. Phase diagram of (Sr,Ba)(Mn,Ti)O3.
The oxide materials with perovskite structure, as shown in Figure 1.2.2, show quite
frequently ferromagnetic and antiferromagnetic properties due to presence of small magnetic
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transition metal ions located on the B crystal sites and less frequently the ferroelectric behavior
due to the off symmetric-center shift of the nonmagnetic B ions within each unit cell. The
ferroelectric properties in an insulating Ba+2Ti+4O3 with empty d (d0) orbitals are due to
displacement of Ti ions along the <001> axis, resulting in short and long Ti-O bonds, sum of which
is longer than the Ti-O-Ti bonds along the <100> and <010> directions. Many perovskites show
also ferroelectric and anti-ferroelectric properties due to presence of large A ions like the Pb and
Bi with permanent dipole moments – these are not of our interest in this study which focusses on
displacive type ferroelectric distortions.

Figure 1.2.2. Simple perovskite ABO3 structure.

In very rare cases, the existence of both ferroelectric and magnetic properties in the same
material is observed. These materials have the promising possibility of controlling the magnetic
properties electronically and vice versa due to coupling between their disparate dual order
parameters [9-11]. The unusual properties of these materials have attracted interest because of their
promising applications in electrically controllable microwave elements, magnetic field sensors,
and possibly in spintronics [17]. The search for ferromagnetic and ferroelectric properties began
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in Russia in the late 1950s by replacing the d cation on the B-site of ferroelectric perovskite
0

structures with magnetic ions [18]. Based on this approach, compounds, such as Pb(Fe1/2Nb1/2)O3,
Pb(Fe1/2Ta1/2)O3, and Pb(Fe2/3W1/3)O3, were first synthesized in ceramic form. The first two
compounds showing disorder of the B-site ions were found to be ferroelectric and
antiferromagnetic [18-19]. The compound Pb(Fe2/3W1/3)O3 showed relaxor ferroelectric [20].
Other perovskites, such as rare earth manganite, yttrium, and a compound containing bismuth,
exhibit ferroelectric and ferromagnetic (mostly antiferromagnetic) properties [21-23].
Ferroelectric, ferromagnetic, and ferroelastic properties are ferroics in which the first two exhibit
spontaneous polarization under applied external fields whereas the latter exhibits spontaneous
deformation under applied stress. The first ferroelectric and ferromagnetic properties existing
simultaneously were observed in non-perovskite nickel iodine boracite Ni3B7O3I below 66 K [24].
Ferroelectricity and ferroelasticity coupling cause piezoelectricity in the material.
Similarly, the coupling between ferromagnetism and ferroelasticity yields piezomagnets. Thus,
Figure 1.2.3 below describes the relationship between different coupling parameters, such as
electric polarization (P), magnetic polarization (M), the electric field (E), magnetization (H), strain
(ɛ), and stress (σ), which control the properties of multiferroic materials [25]. In my research, I
focused on the multiferroic materials in which ferroelectric and magnetic phases coexist (see
Figure 1.2.1). I have also synthesized and investigated the materials in different ranges of the phase
diagram, such as pure ferroelectric and magnetic compositions. The goal was to produce the
improved ferroelectric materials by substitution of smaller manganese ion for Ti in Ba(Mn,Ti)O3
to verify the design rules I used for controlling the ferroelectric properties. By careful synthesis I
have extended the known Mn solubility limit from 2 to 16.7%, and as expected increased the
ferroelectric transition temperature. I have also achieved the complete solid solution of the

manganese in Sr(Mn,Ti)O3
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system, which provided information about suppression of

antiferromagnetic interactions by dilution of the Mn-O network with nonmagnetic Ti. Recently, I
explored also the multiferroic properties of the compound BaMn0.30Fe0.70O3.
The multiferroic behavior of the materials depends on how ferroelectricity has been driven
in materials, which I discuss in detail later. If the origin of ferroelectricity in materials is
independent of magnetism, the materials belong to type I multiferroics. For example, BiFeO3 and
BiMnO3 are the most studied type I multiferroic materials. The research shows that the behavior
of bulk BiFeO3 exhibits weak multiferroic properties as compared to its thin films [22].

Figure 1.2.3. a) Relation between multiferroic and magnetoelectric materials. b) Coupling of
various components in the material [25].

Researchers studied the perovskite structure of BiMnO3 and found that the high
ferroelectric transition temperature, from centrosymmetric to non-centrosymmetric structure, takes
place in the range of 750-770 K, and the ferromagnetic transition is much lower, 100 K [26]. This
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material is not useful because the response of the dielectric constant to the magnetic field is
negligible [9].
Very few perovskite materials show the origin of ferroelectricity from magnetism, which
would allow to control ferroelectricity by magnetism simultaneously in the same materials. For
example, a novel class of multiferroics TbMnO3 was found where magnetism controls the
ferroelectricity and vice versa, unfortunately at very low temperatures and for very small value of
polarizations [23].

1.3. Magnetoelectric Effect

New functionalities of materials can possibly be obtained from magnetoelectric (ME)
coupling on the multiferroic system [25]. The magnetoelectric effect is the coupling between the
electric and magnetic field in the same phase; in other words, the induction of magnetization (M)
by an electric field (E) or polarization (P) by the magnetic field (H). The magnetoelectric effect in
Cr2O3 was first successfully studied in 1961 [27]. The thermodynamic coupling of primary ferroic
ordering can be understood by the expansion of free energy given by the Landau theory in terms
of Einstein summation convention [16,25]:
F(E, H) = F0 -PiEj – MjHh -1/2(ɛ0ɛijEiEj) -1/2(μ0μijHiHj) -αijEiHj
-1/2(βijkEiHjHk) -1/2(γijkHiEjEk)…

(1)

where F0 is the ground state free energy and the subscript (i,j,k) denotes the components of the
physical variable. E and H are the electric and magnetic field, whereas P and M are spontaneous
polarization and magnetization. The ɛ0 and μ0 are permittivities and permeability of free space,
respectively. The ɛij and μij are the relative permittivity and relative permeability of the free space
rank-two tensors. The coefficient αij is the component of the second order coupled magneto-
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electric effect, whereas βijk and γijk are coupled third-order tensors that have a smaller magnitude
than lower order terms. The electric and magnetic polarization can be obtained by differentiating
the above equation (1) with respect to E and H. Thus, spontaneous polarization and magnetization
are
P(E, H) = -dF/dE = Pi - ɛ0ɛijEj - αijHj -1/2(βijkHjHk) -1/2(γijkHiEj)-……

(2)

M(E, H) = -dF/dH = -Mj - μ0μijHj -αijEi -1/2(βijkEiHk) -1/2(γijkEjEk)- ……

(3)

The magnetoelectric coefficient α is a tensor and has symmetric and antisymmetric components.
We know that the symmetric part of the tensor is diagonalized and is given by
αij = αiδij

(4)

where δij is the Kronecker delta function. The symmetric part indicates that magnetic polarization
along the main axes is parallel to the magnetic field [28]. The antisymmetric part is expressed as
Ti = ɛijk αjk

(5)

where ɛijk is Levi-Civita symbol that denotes antisymmetric tensors. T indicates the toroidal
moment. The polarization and magnetization [28] are
P~T×H

(6)

M~T×E

(7)

and

The ferroelectric and ferromagnetic materials often have large permittivity and permeability
respectively, and the magnetoelectric effect can be expressed as [25]
α2ij = ɛ0μ0ɛii μjj
In terms of the susceptibility, α2ij < χiis χiim, where χiis and χiim are electric and magnetic
susceptibilities respectively. The single-phase materials to date showed a small coupling effect and
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were not applicable to electronic devices, but larger magnetoelectric effect was observed in
composite and multiferroic materials [29].

1.4. Origin of Ferromagnetic and Anti-Ferromagnetic Materials

The magnetic behavior of the perovskite materials depends on the selection of transition
metals at the B-site. I studied oxide materials that had perovskite structures in which alkaline earth
metals occupied the A-site and transition metals occupied the B-site. The transition metal d
electrons are responsible for magnetic properties [30]. The parallel spins of d electrons of transition
metals give rise to ferromagnetic properties, whereas anti-parallel spin gives rise to the antiferromagnetic behavior of the materials.
The temperature-dependent magnetic properties of ferromagnetic materials were explained
successfully by the Curie-Weiss localized moment theory, the Stoner band theory, and the
Heisenberg model [31-33]. According to the Curie-Weiss law, in the magnetic moments of
ferromagnetic materials, electrons spin in parallel to each other due to an “internal molecular field”
and have lower energy than electrons with an antiparallel spin. The internal molecular field
becomes much stronger than thermal energy below the Curie temperature, which enforces the
alignment of spin even in the absence of an external magnetic field. At high temperature, the
thermal energy becomes much stronger than the internal molecular field energy. As a result, there
is no alignment of spin, and the material demonstrates paramagnetic behavior [31]. As the
temperature lowers, the symmetry is broken, and the material undergoes a transition from a
disordered to ordered state. This constitutes the Curie temperature for ferromagnetic materials and
Neel temperature TN for antiferromagnetic and ferrimagnetic materials. The Curie-Weiss law can
be expressed as
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χ = C / (T – θ)

(1)

where, χ = Susceptibility, C = Curie constant and θ = Characteristic temperature (Curie
temperature).
The Weiss theory is simple and successfully explains the ferromagnetic behavior of
materials, but it cannot explain the experimental value of the magnetic moment of some
ferromagnetic materials [31]. The Stoner band theory is able to explain the experimental values of
the magnetic moment of ferromagnetic materials based on the exchange interaction of spin [32].
Heisenberg [33] first proposed the origin of the Weiss molecular field theory to explain
ferromagnetism in 1928 based on the quantum mechanical interaction between electron spins.
These interactions cannot be explained in a simple way because of direct and indirect overlap of
the orbital wavefunction and coupling between the spins. According to Heisenberg, the CurieWeiss law is the consequence of the exchange interaction between spins. Therefore, the origin of
ferromagnetism is quantum mechanical and arises from the exchange interaction between spins.
The total interaction in terms of spins can be obtained by summing the nearest neighboring electron
pairs. The Heisenberg Hamiltonian [33] is
H = -2 ∑neighbors Jij Si.Sj

(2)

where Jij is an exchanged integral, or exchanged coupling constant, which connects the atoms i
and j in the materials. The energy eigenvalues are the total interaction energy, which can be
obtained by applying the perturbed Hamiltonian to the wave function. The exchange integral Jij
determines the magnetic ordering. If J > 0 the Si and Sj are parallel, the material exhibits
ferromagnetic behavior. There is large spontaneous magnetization at T < Tc. If J < 0, Si and Sj are
antiparallel, the material exhibits antiferromagnetic and ferrimagnetic behavior wherein net
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magnetization is zero and ordering occurs at T < TN in the former, but the net magnetization is
reduced and spontaneous ordering occurs at T < TN in the latter.
The Heisenberg Hamiltonian showed a first-order approximation to the interaction; the
high order terms must be associated with each spin [34]. J. H. Van Vleck compared the merit of
the Stoner and Heisenberg theories and discussed them in detail [35]. The magnetic properties of
perovskite materials depend on exchange mechanisms, such as direct, indirect, and double
exchange. In the direct exchange mechanism, there is hopping between the d-orbitals of different
atoms that are very close to each other.
This mechanism cannot explain antiferromagnetic properties since most of the
antiferromagnetic insulators are transition metal oxides in which the susceptibility drops below the
Neel temperature. The oxide compounds are either ferromagnetic or antiferromagnetic depending
on an indirect coupling of magnetic ions through nonmagnetic anions, which is called a double or
super-exchange interaction.

Figure 1.4.1. Domain in paramagnet, ferromagnet, antiferromagnet, and ferrimagnet [30].
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The super-exchange mechanism was first introduced by Kramers in 1934 [36] and his idea
was formulated by Anderson in 1950 [37]. In this model the double exchange mechanism always
leads to ferromagnetic properties that often occur in the mixed valence state of transition metal
ions, whereas the super-exchange mechanism always leads to antiferromagnetic properties that
often occur in the same valance state as transition metal ions of the material [38-40]. The main
characteristic of the super-exchange mechanism was explained by the Goodenough-Kanamori rule
[41-42] and simplified by Anderson. According to this rule, the super-exchange mechanism need
not exhibit antiferromagnetic properties in all cases; these properties depend on the electronic
configuration, an angle of interaction, and the nature of bonding between magnetic and nonmagnetic ions. Since the lobes of the d-orbitals of transition metal ions overlap with the lobes of
p-orbitals in oxygen ions, the super-exchange interaction occurs due to two virtual electron
transfers. When spin or electron transfer from p-orbital to d-orbital metal ions occurs, a hole is
created in the p-orbital. This hole is filled by the electron from another transition metal ion and
this process has the effect of coupling between the spin of d-orbital ions.
If the angle between magnetic ions with partially filled d-orbital and non-magnetic ions
(M-O-M) is 180o, the super-exchange interaction leads to strongly antiferromagnetic properties
[43]. Similarly, if an angle between them is 90o, the interaction leads to ferromagnetic properties.
In the double exchange mechanism, there is a two-step spin transfer process. First, electron or spin
from one d-orbital magnetic ion is transferred to an anion and in the second step, the electron of
the same spin is transferred to the next magnetic ion [43]. There is also magnetic interaction
between electrons in the partially filled f-shell in which interaction is due to conduction electrons.
This mechanism is called indirect exchange, whereas the interaction among conduction electrons
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themselves is referred to as the itinerant exchange. This project only deals with the transition
metals from the d- block in the periodic table.

Figure 1.4.2. Super exchange interaction: a) FM, b) AFM, c) FM, and d) double exchange FM.

1.4.1. Electronic Configuration in Manganites

The electronic configuration of transition metals in octahedral complex is essential to
understand the structural, electrical, and magnetic properties of perovskites structure in
manganites. The non-centrosymmetric tetragonal P4mm structure of alkaline earth metal AMnO3
(A = Ba, Sr) is defined by corner sharing of octahedra MnO6, as shown in the left panel of Figure
1.4.1.1. The Crystal Field Theory explains the electronic configurations of ions in octahedra sites
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by arranging the electrons in d-orbitals according to the Pauli exclusion principle and Hunde’s
rule.

Figure 1.4.1.1 (a) Schematic drawing of the tetragonal perovskite [44] and (b) AMnO3 alkaline
earth manganites with Mn4+ orbital configurations.

The crystal stabilization for 6-fold Mn4+ ions of configuration (t2g1eg0) in perovskite
structure of space group P4mm is split into three sets of t2g orbitals (dyz, dzx, and dxy) and two sets
of eg orbitals (dz2, dx2- dy2), as described in the right panel of Figure 1.4.1.1. The energy gap
between two sets of 3d-orbitals are in the order of 2-3 eV, which is larger than the energy calculated
from an ionic model of Crystal Field Theory. The best way to define this energy gap is ligand field
theory. Furthermore, the non-polar lattice distortion due to rotation or tilting octahedra does not
yield ferroelectric properties. However, the tilted octahedra buckling with A-site ions yield
ferroelectric properties: for example, ferroelectricity in YMnO3 [45].
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1.5. Origin of Ferroelectricity in Materials

The ferroelectrics are polar materials (also called pyroelectric). When they are placed in an
electric field, a dipole is induced due to off-centering the center of the positive charge in one
direction and centering of the negative charge in the opposite direction [43]. As a result, the
materials are polarized. These materials, the member of a large family of oxide compounds of the
general formula ABO3 called perovskite, are characterized by the hysteresis loop in which
spontaneous electric polarization is switchable due to the applied electric field. Since the discovery
of the robust ferroelectricity in perovskite BaTiO3 during World War II [46], much research has
been done on oxide materials because of their simple structure and physical properties which are
capable of use in engineering devices, such as ultrafast switching, phased-array radar, and data
storage [47]. A typical prototype cubic perovskite is characterized by a small cation B at the center
of the octahedral cage formed by oxygen and the large size cation, A, at the corner of the unit cell.
Structural distortion appears in a lower symmetry phase below the Curie temperature due to offcentering of the small cation in the center of the octahedra cage. The transition in ferroelectric
materials from high to low-temperature phases depends on the size of cations on the A- and B-site
of the perovskite structure. For example, the very popular material BaTiO3 undergoes a structural
transition from cubic to tetragonal, tetragonal to orthorhombic, orthorhombic to rhombohedral
depending on temperature, which I discuss in detail in Chapter 3. The electric dipole moment
created by the off-center shift of small cation B leads to large spontaneous polarization. The dipole
moment in the material is the sum of the product of total charge and the distance of charges. The
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ferroelectric displacement in the material in the presence of an electric field can be expressed [43]
as
D = ɛ0E + P
where ɛ0 is permittivity of free space and P is electric polarization. The ferroelectric materials are
analogous to ferromagnets. The randomly oriented multiple domains of ferroelectric materials are
aligned in a certain direction in the electric field, which leads to the polarization hysteresis loop.

Figure 1.5.1. Ferroelectric hysteresis loop; Ps = spontaneous polarization, Pr = remnant
polarization, and E = electric field [48].

A spontaneous polarization is realized by applying an electrical field below the
characteristic temperature. As the electric field increases along the direction of the applied field in
a positive direction, polarization increases and saturates a certain value and the crystal behaves as
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a single domain [48]. If we reverse the strength of the electric field, the polarization will not follow
the same path. When the field becomes zero, a net polarization remains in a positive direction in
materials, which is called remnant polarization and is denoted by Pr. The extrapolation line to
polarization is called spontaneous polarization and is denoted by Ps. The values of the electric
field, where polarization is zero, are called the coercive field. These parameters determine the
properties of the ferroelectric material. Further, if the electric field is increased in a negative
direction, the polarization saturates, and the crystal shows complete alignment of the dipoles. The
reverse electric field forms a closed loop called a hysteresis loop, which characterizes the
ferroelectric materials. The electric dipole moment is induced due to off-centering of a small cation
on the B-site; as a result, the material is spontaneously polarized. Thus, the origin of ferroelectricity
in the crystal is due to the displacement of ions. At high temperatures (e.g., above the Curie
temperature), the material behaves in a paraelectric nature because the net polarization is zero due
to the maximum entropy of ions. The net polarization in lattice can be expressed as [43]
Ps = ∑ (m×q×ΔZ)/V
where m = site multiplicity, q = charge, ΔZ = shift, and V = volume of the unit cell. The above
equation of spontaneous polarization in terms of bond-lengths and bond-angle can be expressed
[2] as
𝑃𝑠 =

⃗⃗⃗⃗⃗
|𝑃|
𝑞
180°−< 𝐵 − 𝑂2 − 𝐵 >
= { ∆[𝐵 − 𝑂1] + (4 × [𝐵 − 𝑂2] × sin
)
𝑉
𝑉
2

Here, Δ[B – O1] is the difference in apical bond lengths, [B – O2] is equatorial bond length, and
[B – O2 – B] is bond angle, which can be obtained from refinement of NPD data. When the
ferroelectric material cools below the Curie temperature, there is overlapping between the
displaced small cation d-orbital and anion p-orbital, and the structure gets strained or distorted.
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The tilted octahedra structures in the perovskite-type structure also show distortion, but do not
show ferroelectric behavior because there is no induced electric dipole moment in the material.
However, the distorted structure of displaced ions in the octahedra will produce an
electrical dipole moment; as a result, the structure exhibits ferroelectric properties. There are
various ferroelectric materials where ferroelectricity has been driven by a geometrical structure,
charge ordering, or magnetic ordering, and such materials are called improper ferroelectric
materials. The ferroelectric material has a d0 configuration and behaves as an insulating material.
In the most perovskite-type titanates, the ferroelectric distortion arises from hybridization of Ti
3d-orbitals and O 2p-orbitals [49].

Figures 1.5.2. Ferroelectric phases of BaTiO3 [50].
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The origin of ferroelectricity in our system is caused by displacement of B-site. The
distortions in octahedra site are the key information to understand the structural properties of
perovskite compounds as shown in the Figures 1.5.2. If no distortions along any axis, it gives ideal
cubic phase. If the distortion along <111> axis, then it gives trigonal or rhombohedral structure. If
the distortion along <001> axis due to compression or elongation, then it shows tetragonal phase.
Likewise, if the distortion along <001> and then <100> axis, then it gives orthorhombic phase.
The higher value of t > 1 exhibits the hexagonal structure [51], which I have discussed detail in
Chapter 3.
The hexagonal for t < 1 structure of YMnO3 was the first hexagonal perovskite structure,
which showed ferroelectric properties. In this system, Mn3+ ions were at the center of MnO5
trigonal bipyramids, where two oxygen tetrahedra stick together by sharing a common face.
Initially, it was believed that the ferroelectric properties arose from shifting Mn ions to the apex
of MnO5 bipyramids. However, Van Aken et al. [44] showed that Mn3+ ions are not responsible
for ferroelectricity driven in the system. Using the combination of single crystal X-ray diffraction
and first principle density-functional calculations, they proposed that ferroelectric distortion is due
to the electrostatic process and the size effect where the rotation of MnO5 shifts the oxygen atoms.
As a result, displacement of Y ions along the c-axis produces polarization. According to Cho et al.
[52], ferroelectricity originates from Y d0-ness with rehybridization in YMnO3.

1.6. Classification of Multiferroic Materials

A single-phase multiferroic can be classified into two major groups based on the
ferroelectricity mechanism [11] driven in the materials: (a) Type-I or “proper” multiferroics with
the robust displacive-type ferroelectric order and (b) Type-II or “improper” multiferroics, which
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exhibit strong magnetic-ferroelectric coupling. The nature of multiferroic materials with
perovskite-like structures depends on the A- and B-site cations. The properties of these materials
arise from charge ordering [53]. The origin of magnetism is the availability of d electrons in
transition metals that produce magnetic order due to interaction between localized spin and the
magnetic moment, which tends to suppress an off-center ferroelectric distortion [11]. The
ferroelectric mechanism driven in these systems is different than the ferroelectric mechanism in
prototype BaTiO3, which led to the publication entitled “Why are there so few magnetic
ferroelectrics?” [30]. In this dissertation, I also focused on ferroelectricity driven in transition metal
perovskite structures. The origin of ferroelectricity in Type-I multiferroics is caused by active lone
pairs, charge ordering, and the geometric structure of the materials.
In Type-II multiferroics system, ferroelectricity is driven by frustrated magnetism and spin
magnetic ordering [11]. Most multiferroic materials exhibit antiferromagnetism, canted
antiferromagnetism, and ferromagnetic behavior based on their origin. In recent years, many
researchers are interested in this type of multiferroic system, where magnetism induces
ferroelectricity and vice-versa. The coupling between these two parameters is large, but net
ferroelectric polarization is small. In terms of symmetry, these materials themselves are not
ferroelectric because they possess inversion symmetry, but magnetic ordering breaks the
symmetry. The materials behave in a ferroelectric nature. There are two different Type-II
multiferroics: one is ferroelectricity driven by the helicoidal or magnetic spiral and the other is
ferroelectricity driven by the collinear magnetic structure [11]. In this project, I focused on TypeI multiferroic properties of the perovskite materials.

CHAPTER 2
EXPERIMENTAL METHODS

In Chapter 2, I present detailed description of the synthesis process of the single-phase Sr1xBax Mn1-yTiyO3

perovskites in several ranges of their phase diagram. The synthesis process of the

single-phase oxide materials generally uses a standard ceramic method by repeated firing at
selected temperature and oxygen pressure. However, this method is not applicable to those
compounds which have tolerance factor greater than one at the synthesis temperature. The
tolerance factor values can be used to explore and estimate the formation of stable perovskite
compounds. Since the tolerance factor depends on chemical composition, temperature, and sample
oxygen content, I used a special technique, called a two-step method. In the first step, the oxygen
deficient perovskite phase was formed by lowering the value of the tolerance factor below 1 when
the ionic size of Mn ion increases due to its decreased oxidation state. The formation of oxygen
vacancies was performed at high temperature by using a reducing atmosphere. The thermodynamic
conditions, the reducing atmosphere and temperature, were determined by using information
obtained from the Ellingham diagrams and the extensive laboratory experimental work. Thus, the
possibility of formation of multiferroelectric manganites with t > 1 at room temperature depends
on possibility to control the oxidation state of Mn ion by the reduction and oxidation processes.
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2.1. Selection of Chemical Composition of Desired Materials

Formation of perovskite structure depends on the selection of chemical compositions of
the large A- and small B- site ions. A tolerance factor provides simple intuitive answer to what
chemical compositions should be able to form the perovskite framework of the corner shared
network of the BO6 octahedra. In the case of t > 1, the ionic size of A-site cations is too big to
occupy the fully available volume created by cuboctahedral interstices. Therefore, the
octahedra elongate at a given temperature to increase the size of the cuboctahedra to fit the Asite cation. As a result, a distortion appears with ferroelectric properties in the samples.
Likewise, as smaller ions are substituted on the A-site, the tolerance factor becomes less than
1. In this case, the ionic size of A-site cations is too small to fill the void created by
cuboctahedral interstices. Therefore, the octahedra rotate to reduce the size of the
cuboctahedra to match the size of A-site cations. However, as a result of this distortion no
ferroelectric properties appear in the samples. A similar result can be seen with substitution of
bigger and smaller sized B-site cations in perovskite. However, it is found that the tolerancefactor arguments failed to predict the stability range of perovskite of manganites as discussed
in Chapter 1. The oxygen content and the synthesis temperature of the chemical compositions
are critical to obtain the desired phase. The perovskite to hexagonal structural transformation
in the phase diagram (Sr,Ca)MnO3 [6] in heating cycle above 1200 K due to tolerance factor
was found to be greater than 1. With further increase of temperature above 1500 K, the
hexagonal structure transforms to perovskite structure with oxygen vacancies due to a
tolerance factor lower than 1. In the cooling process below 1400 K, the perovskite transforms
to hexagonal structure due to a tolerance factor greater than 1. The results confirm that the
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stability of perovskite structure is limited by tolerance factor (less than or equal to 1) and
temperature. It is still possible to synthesize the single-phase perovskite structure with a
tolerance factor greater than 1 by using a two-step method. In the two-step method, first
oxygen-deficient samples were prepared by heating at high temperature with a tolerance factor
less than 1 and oxygen was put back in the samples by low temperature oxygen anneal with a
tolerance factor greater than 1.

2.1.1. Thermodynamic Equilibrium

To control thermodynamical conditions I used information available from Ellingham
diagrams that are used for heat treating environment processes to estimate the equilibrium
temperature among the metal, its oxides, and oxygen [54]. Ellingham diagram is a representation
of thermodynamic plots in terms of change in Gibbs free energy and temperature, which helps to
select the best reducing agent for metal oxides. The Gibbs free energy in thermodynamics is
expressed as
ΔG = ΔH – TΔS

(1)

where ΔH is changed in enthalpy, ΔS is changed in entropy, and T is temperature. The values of
ΔH and ΔS are constant unless the phase transition occurs. The plots of equation (1) can be drawn
as a series of straight lines, with slope ΔS, and Y-intercept ΔH. The reaction depends on the sign
of ΔG. The Ellingham diagram was constructed in such a way that ΔG=0 is drawn at the top of the
diagram. In metal oxides, the change in Gibbs free energy shows negative values. An example of
the temperature dependence stability of oxides is shown in Figure 2.1.1.1. The slope is positive for
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most of the plots because the metal and oxides exist in a condensed state. This diagram also helps
to determine [54]:

(1) The ratio PH2/PH2O that will be able to reduce metal oxides to metal at a given
temperature.
(2) The ratio PCO/PCO2 that will be able to reduce metal oxides to metal at a given
temperature.
(3) The partial pressure of oxygen that is in equilibrium with a metal oxide at a given
temperature.

The scale on the right side of the diagram is labeled by the partial pressure of oxygen PO2.
If a value of PO2 is higher than the equilibrium value at a given temperature, then the metal will be
oxidized, and if a value of PO2 is lower than the equilibrium, then the metal will be reduced. The
straightedge method is used to determine the partial pressure of oxygen. The example in Figure
2.1.1.1 shows the partial equilibrium pressure of oxygen for Cr2O3 is 10-16 atmosphere at
temperature 1300 oC. Likewise, if a value of PH2/PH2O is higher than the equilibrium value at a
given temperature, then the metal will be reduced, and if PH2/PH2O is lower than the equilibrium,
then the metal will be oxidized [54]. The same straightedge method is used to determine the
equilibrium value of PH2/PH2O, which shows the value between 102 and 103 for Cr2O3 at a
temperature of 1300 oC. Similarly, we can use the straightedge method to figure out the equilibrium
value of PCO/PCO2. This ratio is used to determine whether the reaction is reduction or oxidation at
a given temperature. The information obtained from Ellingham diagram was used to reduce the
oxide samples during the synthesis process. It should be noted that these diagrams and methods
are available mostly for simple metal oxides, like MnO, Mn3O4 and MnO2, but very few are known
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for complex compounds like perovskites, for example, SrMnO3. Determination of Ellingham
diagram even for a single complex composition requires long term study and is usually done when
there is a need for the practical synthesis of such compounds. The goal of my study was a synthesis
survey a wide range of compositions and no attempt was made to establish values of the Gibbs
free energy. As a result, I have to use the try and error methods to approach the thermodynamic
conditions, and once found for a given composition use it reproducibly.

Figure 2.1.1.1. Ellingham diagram: Free energy ΔG versus temperature [54].
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2.2. Necessity for the Synthesized by the Two-Step Method
Polycrystalline samples of perovskite BaMn1-yTiyO3, SrMn1-yTiyO3, Sr1-xBax Mn1-yTiyO3,
and BaMnxFe1-xO3, were synthesized by stoichiometric mixtures of BaCO3(99.9% pure),
SrCO3(99.99% pure), MnO2(99.95% pure), Fe2O3(99.99% pure), and TiO2(99.99% pure). The
ratios of carbonates and oxides were calculated by using a massing program written in MATLAB
software. The digital analytical balance scale METTLER AE240 was used to weigh the mass of
each constituent. The measuring pan of the scale was shielded by transparent glass windows with
a sliding door to prevent mass fluctuation from turbulent air flow and measured the mass of 2 – 10
gram samples down to 1 μg. A mixture of each constituent compound was homogenized
mechanically by an agate ball milling in ethanol for 6 hours. The dried powder was ground using
a quartz mortar and pestle for 15 minutes. The powder samples were calcined in an open-air box
furnace for initial firing at the temperature range 900 - 1200 oC for 10 hours. After calcination, the
powder was reground and pressed into pellets having thickness ~ 2.1-2.8 mm and diameter ~ 10.8
mm by applying uniaxial pressure using the hydraulic press and sintered for 12 hours at the
temperature range 1200-1450 oC. The repeated firing of reground pellets in the air did not result in
conversion to a perovskite structure for most of the samples. However, by a two-step synthesis
method, a wide range of new perovskite compositions was formed and some of them exhibited the
ferroelectric distorted structure. Initially, the hexagonal phase of samples was obtained from air
with oxygen content δ ~ 0, which indicated a tolerance factor greater, and then were heated up to
1450 oC and kept for at least 3 hours in reduced atmosphere, such as Argon and Hydrogen. This
reduction process formed oxygen vacancies (i.e., δ ≠ 0) in the samples, which lowered the tolerance
factor and increased the size of B-site cations; for example, Mn4+ to Mn3+ ions as shown in Figure
2.2.1. As a result of several repeated firings in reduced atmosphere, the single-phase perovskite
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structure was formed. In the final step, the reduced samples were annealed in air or oxygen at low
temperature in the range 300-450 oC to bring back oxygen content to 3.00 ± 0.01 (i.e., δ = 0) atoms
per formula unit without decomposition. Therefore, the kinetically stable single-phase perovskite
structure was obtained with a tolerance factor greater than 1.

Figure 2.2.1. Schematic drawing of the two-step synthesis process in which the hexagonal structure
sample was heated at high temperature to reduce Mn4+ to Mn3+. The reduced sample formed singlephase perovskite, which after cooling under reducing conditions and annealing in oxygen at low
temperature.
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2.3. Rigaku XRD Diffractometer

An X-ray diffraction (XRD) experiments have been performed with Rigaku D/MAX
powder diffractometer with CuKα radiation using step size 0.1o/sec in 2θ range 20-70o. The
wavelength of Cu X-ray beam is equal to 1.5432 Å, and the Bragg’s diffraction condition is given
by λ = 2dhkl sinθhkl, where λ, dhkl, and θhkl are X-ray wavelength, interplanar spacing, and incident
angle, respectively [55]. The typical interplanar spacings for the given hkl reflection encountered
in compounds investigated in my study are given by
Cubic: 1/d2 = (h2+k2+l2)/a2
Tetragonal: 1/d2 = {(h2+k2)/ a2} + (l2/c2)
Orthorhombic: 1/d2 = (l2/a2) + (l2/b2) + (l2/b2)
Hexagonal: 1/d2 = (4/3) {(h2+hk+k2)/ a2} + (l2/c2)
The Rigaku diffractometer in our laboratory uses the Bragg-Brentano geometry in which
the X-ray tube is fixed, as shown in Figure 2.3.1. The detector and the sample rotate at an angle of
2θo/min. and θo/min., respectively. The angle θ is the angle of incidence of the X-ray beam, and
2θ is an angle between the incident X-ray beam and diffracted beam. All the samples were
measured at room temperature. Indexing of peak is very important to analyze the data. It cannot
be analyzed until it has been fully indexed. The indexed peak determines the dimension of the unit
cell. The diffraction condition of the crystal depends on its planes
Simple cubic: h2+k2+l2 = 1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 14, 16…
Body centered cubic: h2+k2+l2 = 2, 4, 6, 8, 10, 12, 14…
Face centered cubic: h2+k2+l2 = 3, 8, 11, 16, 19, 24, 27, 32…
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Figure 2.3.1. Geometry used in Rigaku XRD diffractometer [55].
The small structural distortions necessary to identify ferroelectric and multiferroelectric
phases could not be sometimes observed in our laboratory Rigaku diffractometer because of the
limited resolution. Moreover, these transitions frequently occur below room temperature, thus I
have resorted to use of the synchrotron high-resolution X-ray beam, which required writing and
getting accepted research proposals.

2.4 XRD Measurement at APS

The in-situ high-resolution synchrotron powder diffraction data were collected at the
Advanced Photon Source (APS) of Argonne National Laboratory (ANL) in the Sector 16-ID-C
and 11-BM-B. In the Sector 11-BM-B, the ground powder samples were kept in small Kapton
capillary tubes, which were about 1mm in size. The two ends of the tubes were closed by clay to
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prevent the fall of the powder. Finally, the samples in capillaries were kept on a flexible sample
holder, as shown in Figure 2.4.1. The sample can be loaded on a mounting stage by a robot.

Figure 2.4.1. Right panel: 11-BM-B high resolution diffractometer, and left panel: sample in
capillary mounted on bar code holder [56].

The Oxford Cryostream was used to vary the temperature environment of the sample from
90 to 450 K. First, samples were fast cooled to 90 K and then heated up using 6 K per step in the
temperature range 90 to 450 K. The holding temperature of each step was 3 K. The same process
was repeated for the cooling cycle from 450 to 90 K. In 11-BM-B, the X-ray diffractometer is one
of the best diffractometers at the ANL’s APS to see the temperature dependent phase transitions
in the materials. The XRD data cannot measure the magnetic properties of the materials. However,
NPD measurement is applied to study the magnetic behavior of the materials. The NPD
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measurement is able to detect the precise positions of atoms. The sample was also measured at
High-Pressure Collaborative Access Team (HPCAT) at the advanced photon source in the sector
16ID. Samples for high-pressure experiments required careful preparation of their grain sizes.

Figure 2.4.2. XRD data demonstrating the ferroelectric tetragonal distortion at four different
temperatures measured at beamline 11-BM-B. The inset shows the samples sitting next to a
spherical shaped ruby in a circular gasket.

The diamond-anvil cell (DAC) was used for X-ray powder diffraction at temperatures in
the range 140 to 300 K in the pressure range 0 to 2.15 Gpa. Before loading the sample to the
diamond cell, the powder was reground around two and a half hours by using mortar and pestle
and was examined by optical microscope to see the fine-grained size order of 30 - 40-micron,
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shown in the inset of Figure 2.4.2, to get the large ferroelectric distortion. I did short run X-ray
powder diffraction at 11-BM-B in ANL at four different temperatures in ambient pressure to
confirm the ferroelectric distortion, as shown in Figure 2.4.2. The micron size powder was loaded
with a small spherical ruby into small hole of a steel gasket around 200 microns in size.
Neon gas was used as the hydrostatic pressure-transmitting medium in the diamond cell
through the facilities of GeoSoilEnviroCARS (GSECARS) at APS Sector 13. The cell was
mounted in a copper block and cooled through thermal contact within cryostat. The pressure on
the sample was controlled manually using a pressure controller. The X-ray data were taken at
sector 16ID using synchrotron radiation at the bending magnet beamline. The data were analyzed
by using software called Dioptas and plotted by using OriginPro software. Dilatometry
measurements were used to see the transition temperature and change in length of the single-phase
samples. The measurements were carried out at temperatures 400 oC on small solid pieces of the
samples around 3-4 mm long using Linseis Differential Dilatometer L75.
High resolution NPD was performed by our collaborators using BT-1 at the National
Institute of Standards and Technology (NIST) center for Neutron research [57]. It consists of 32
detectors with three different monochromators in which data can be collected by using furnaces,
refrigerators, and cryostats. A four-gram Sr0.40Ba0.60Mn0.93Ti0.07O3 powder sample packed in an
aluminum can was measured by neutron diffraction in a closed cycle refrigerator (CCR) with
heating capabilities. Rietveld refinements were performed using the software suite
GSAS/EXPGUI [58,59] to find the atomic shift, bond angles, lattice parameters, and volume of a
unit cell.

Direct current (DC) and alternating current (AC) magnetic measurements were

performed in a quantum design SQUID magnetometer in external magnetic fields up to 70 kOe.
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The dielectric measurement of samples was measured by our collaborators in Poland in the
frequency range 1 Hz – 10 MHz using an Alpha-A High Performance Frequency Analyzer
(Novocontrol GmbH) combined with Quatro Cryosystem for the temperature control. The
temperature and frequency dependence of dielectric constant, dielectric loss and electrical
conductivity were investigated for three samples (x = 0.06, 0.08, 0.167) at the frequency range 1
Hz – 10 MHz within the temperature range 125 – 425 K.
The Mossbauer measurements were performed in transmission geometry using 50-mCi
57m

Fe source (Rh matrix) at room temperature to examine the oxidation state of Fe-substituted in

BaMnxFe1-xO3. Measurements were done at room temperature in NIU Mossbauer Laboratory. The
experimental setup consisted of source, absorber, and detector. The gamma ray emitted from the
radioactive source, which contained the Mossbauer isotope, passed through the absorber, the
material that has to be investigated, and then to the detector. The isomer shifts in the Mossbauer
spectrum arise from the spherical charge distribution of a nucleus where electric monopole
interaction occurs between a certain volume of the nucleus and the electronic charge distribution.
The spectrum is either positive or negative, depending on the electron charge density and the
oxidation state. Quadrupole splitting arises from non-spherical charge distributions of nuclei in
state with a spin quantum number greater than one half.

36

CHAPTER 3
STRUCTURAL AND MAGNETIC PROPERTIES OF PEROVSKITE BaMn1-yTiyO3-δ

3.1. Introduction
Several studies of oxide compounds based on perovskite structure ABO3, where A = Rare
Earth or Alkaline Earth Metal and B = transition metal (Ti, Mn, Co, Ni, Cu etc.) have reported that
these materials exhibit a diverse range of properties, including ferroelectricity (FE),
multiferroicity, high temperature superconductivity, and colossal magnetoresistivity [9, 11-14,
17]. In our study, a host compound BaTiO3 (BTO) is a well-known perovskite-based insulating FE
material that has been extensively studied for decades [60-62]. BTO has large energy band-gap of
the order of 3.2 eV [63] and high dielectric constant, which in turn offers a variety of applications,
including multilayer ceramic capacitors, thermistors, and non-linear optical devices [63-64]. At
temperatures above 400 K, the structure is in the centrosymmetric cubic phase. As the temperature
is lowered, it undergoes a series of three successive structural-ferroelectric transitions: cubic to
tetragonal (C/T at TC1 = 393 K), tetragonal to orthorhombic (T/O at TC2 = 278 K), and orthorhombic
to rhombohedra (O/R at TC3 = 183 K). The distortions in each FE phase on cooling can be
considered as elongations of the cubic unit cell along an edge (001), face diagonal (011), and body
diagonal (111), respectively. The net displacements of titanium with respect to the oxygen produce
the non-centrosymmetric space groups and give rise to spontaneous polarization in respective FE
phases. Moreover, the perovskite phase converts to the non-FE hexagonal phase at temperatures
above 1430 oC [65].
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BTO is unusual since it forms perovskite phase with the tolerance factor t = [A-O]/√2[BO] > 1, where the A-O and B-O are bond lengths, and the nominally t > 1 is preserved to the lowest
temperatures; however, instead of a typical octahedral rotations of the TiO6 units, they are
deformed, resulting in an opposite shift in Ti and O ions within the unit cell followed by the
development of spontaneous polarization [66]. A wide range of chemical substitutions was
attempted to increase the FE transition temperature, improve dielectric properties or to obtain the
multiferroic behavior from the non-magnetic Ba2+Ti4+O3 by addition of magnetic ions while
preserving the high-temperature FE properties [67]. The isovalent Sr-substituted BTO on the Asite has less deformed TiO6 units and the decreased all FE transition temperatures, which correlate
with the reduced tolerance factor. Similarly, the isovalent B-site substitutions by larger size ions
Zr, Hf and Sn than the Ti decreased TC1 while increasing the TC2 and TC3 resulting sometimes in
improved dielectric properties. For example, the substitution of Sn in BaTi1-xSnxO3 increased the
dielectric properties as Sn-content increased in the samples [68]. The BaTi1-xHfxO3 ceramic
materials for composition x = 0.11, where all TC1, TC2 and TC3 merge showed dielectric permittivity
(4.5×104) higher than conventional BTO (1×104) [69]. Noticeably, the decrease of TC1 again
correlates with the reduced tolerance factor for all these ions.
The ab-initio calculations for magnetic transition metal-doped perovskite BTO determined
that the Mn substitution is the most promising candidate for stable ferromagnetic ordering [70],
where a bound magnetic polaron model was proposed as the source of magnetism [71-72].
Experimental study showed that Mn-doped BTO thin films show ferromagnetic behavior and
magnetization increases with the increasing Mn-substitution [73]. According to Shuai et al. [74],
5 % Mn-substituted BTO thin film with single-phase perovskite shows ferromagnetic properties.
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Figure 3.1.1. Stacking sequences of associated face and corner sharing of Ba(Sr)MnO3-δ [79].

In contrast to BTO, the BaMnO3 does not exhibit ferroelectricity. However, several
theoretical calculations have suggested that the polar distortion should arise from the off-centering
displacement of the magnetic Mn4+ ion, which could be stabilized in the alkaline-earth manganite
AMnO3 perovskites [75-77]. In these studies, it was assumed that BaMnO3 is stabilized in
perovskite structure, but, in reality, only the non-ferroelectric hexagonal phases containing
sequences of planes of face-sharing and corner-sharing octahedra along the c-axis could be
synthesized, which when properly annealed exhibited antiferromagnetism. The sequence and ratio
of these layers was determined by the synthesis temperature (>1150 0C), which produces oxygen
vacancies as shown in Figure 3.1.1. As the concentration of anion oxygen increased, a 2L
hexagonal close pack (hcp) (100% hcp) transforms to 15R (80% hcp), 8L (75% hcp), 6Lʹ (66.6%
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hcp), 10L (60% hcp), and 4L (50% hcp) [78-79]. The formation of the 12R-type hexagonal
perovskite has been also reported in BaMn1/2Ti1/2O3 [80-81]. The antiferromagnetic properties
were stronger for the higher concentrations of Mn [82].
In this chapter, I report the evolution of the FE transitions, distortions, and magnetic
properties for the Mn-substituted BTO where the solubility limit was extended to 16 %. Moreover,
the aim of this work is to enhance the FE properties. It is predicted that Mn-substituted BTO on
Ti-site would increase TC1 since it correlates with the increased tolerance factor [6].
3.2. Results and Discussion
3.2.1. Structural study of compositions BaMn1-yTiyO3-δ in the range 0 ≤ 1-y ≤ 0.167

Figure 3.2.1.1. Room temperature X-ray diffraction data for BaMn0.06Ti0.94O3-δ sample obtained
from synthesis in H2/Ar mixture at 1290 oC (a), and after annealing in air at 420 oC (b).
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Figure 3.2.1.2. Room temperature X-ray powder diffraction patterns of BaMn1-yTiyO3 (0 ≤ 1-y ≤
0.167) after final oxidation in air at 420 oC.

Structural properties of polycrystalline Mn-substituted BTO samples BaMn1-yTiyO3 (1-y =
0 - 1.0) were studied at room temperature using XRD after every synthesis step. As the
concentration of manganese increased on the B-site, the possibility of forming a single-phase
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structure decreased due to an unfavorable tolerance factor. The solubility limit of 16.7 % was
reached for single-phase perovskite manganese on the B-site of Mn-substituted BTO.
Figure 3.2.1.1 shows exemplary XRD data for a composition BaMn0.06Ti0.94O3-δ before and
after annealing in air at 420 oC. Figure 3.2.1.2 shows the tetragonal FE structure obtained in the
range 0 ≤ 1-y ≤ 0.167. The transition temperatures were determined by taking temperature
dependent XRD data. By increasing the range of Mn-substitutions (1-y > 0.167), I obtained
hexagonal 4L, 6L, and 12L materials with the mixed corner- and face-sharing of the (Mn,Ti)O6
units, similar to structures of the BaMnO3 system [78-79].

Figure 3.2.1.3. Temperature dependent synchrotron X-ray powder diffraction patterns of BaMn1yTiyO3

(1-y = 0.05, 0.06 and 0.167).
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Figure 3.2.1.3 shows the 2D contour plots of the XRD data as a function of temperature
over narrow 2 range near the (002) and (200) diffraction peaks during heating for 1-y = 0.05, and
both heating and cooling experiments for the samples 1-y = 0.06 and 0.167. The structural
transition was similar to BaTiO3 in which the displacement of Ti and O in opposite directions
along the c-axis in the temperature range ~ 280 - 400 K occurs [83]. The best-fit Rietveld
refinements of the XRD data shown in Figure 3.2.1.4 (a-d) were performed by using
GSAS/EXPGUI suit of programs [58-59] to find the lattice parameters and confirm the structural
phase. The transition from tetragonal to cubic phase for compositions 1-y = 0, 0.05, 0.06, and 0.167
were seen at 393 [66,84], 395, 404, and 407±6 K, respectively during heating. The refined
structural parameters are presented in Table 3.2.1.1.

Figure 3.2.1.4 (a). synchrotron X-ray powder diffraction pattern of BaMn0.06Ti0.94O3 at cubic phase
(Pm3m) at temperature 452 K. The cross symbol and solid red lines represent the observed and
calculated pattern respectively. The blue line represents the difference between observed and
calculated data and solid vertical pink line indicate expected Bragg peak position.
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Figure 3.2.1.4 (b). Synchrotron X-ray powder diffraction pattern of BaMn0.06Ti0.94O3 at
tetragonal phase (P4mm) at temperature 368 K.

Figure 3.2.1.4 (c). Synchrotron X-ray powder diffraction pattern of BaMn0.06Ti0.94O3 at
orthorhombic (Amm2) phase at temperature 271 K.
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Figure 3.2.1.4 (d). High-resolution synchrotron X-ray powder diffraction pattern of
BaMn0.06Ti0.94O3 at rhombohedral phase (R3mR) at temperature 100 K.

The temperature hysteresis of transitions was measured for two compositions, 1-y = 0.06
and 0.167. The cubic phase appeared within the temperature ranges: 410 – 452 K and 413 – 431
K on heating, and 452– 404 K and 431 – 408 K on cooling for the samples with 1-y = 0.06 and
0.167, respectively. Likewise, the tetragonal phase appeared within the temperature ranges: 283 –
404 K and 275 – 407 K on heating, and 402 – 266 K and 408 – 258 K on cooling for the samples
with 1-y = 0.06 and 0.167, respectively. Small temperature hysteresis of 6 and 7±6 K similar to
that of BTO is observed for the transition between cubic and tetragonal phases for the compositions
with 1-y = 0.06 and 0.167, respectively.
By lowering the temperature, the transition from tetragonal phase to the orthorhombic
phase appeared. The orthorhombic structure is described by space group Amm2 in which the
octahedral MnO6 are rotated around and off the c-axis. The orthorhombic phase appeared in the
range 193 to 283±6 K and 185 to 275±6 K during heating as well as 260 to 176±6 K and 252 to
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169±6 K during cooling for 1-y = 0.06 and 0.167 respectively. The transition temperature
hysteresis between the tetragonal phase and the orthorhombic phase was observed around ~ 23±6
K for both samples (see Figure 3.2.1.5), which is higher than in BTO. With further lowering of the
temperature, the rhombohedral structure appeared. The structure assumed R3mr space group. The
rhombohedral phase was seen in temperatures ranging from 93 to 187±6 K and 151 to 179±6 K
during heating as well as 170 to 94±6 K and 163 to 151±6 K during cooling for 1-y = 0.06 and
0.167, respectively. The transition temperature hysteresis between orthorhombic and
rhombohedral structure was about 17 and 13±6 K (see Figure 3.2.1.5) for 1-y = 0.06 and 0.167,
respectively.

Figure 3.2.1.5. Structural transition temperatures between C/T, T/O, and O/R for BaMn1-yTiyO3
observed from synchrotron XRD studies.
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Table 3.2.1.1. Structural Parameter for BaMn1-yTiyO3 at High to Low Temperature
Cubic

Tetragonal

Orthorhombic

Rhombohedral

1-y

0.05

0.06

0.167

0.05

0.06

0.167

0.05

0.06

0.167

0.05

0.06

0.167

T (K)

438

429

431

300

302

300

210

212

210

150

152

151

a (Å)

4.0096

4.0102

4.0103

3.9940

3.9951

3.9947

3.9869

3.98574 3.9878

4.0036

4.0045

4.0049

b (Å)

4.0096

4.0102

4.0103

3.9940

3.9951

3.9947

5.6686

5.6704

5.6787

4.0036

4.0045

4.0049

c (Å)

4.0096

4.0102

4.0103

4.0314

4.0319

4.0325

5.6834

5.6868

5.6788

4.0036

4.0045

4.0049

V (Å3)

64.46

64.52

64.49

64.31

64.35

64.35

128.44

128.53

128.60

64.17

64.22

64.24

Figure 3.2.1.6. Lattice parameters Vs. temperature for BaMn0.06Ti0.94O3. Data obtained on heating
and cooling.
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Figure 3.2.1.7. Lattice parameters Vs. temperature for BaMn0.167Ti0.94O3. Data obtained on heating
and cooling.

The temperature hysteresis of the C/T, T/O, and O/R transitions shown in Figure 3.2.1.3
clearly indicates the first order nature of the transitions. The structural lattice distortion was found
to be similar on heating and cooling over almost all of the FE region, as can be revealed from the
refined lattice parameters presented in Figures 3.2.1.6 and 3.2.1.7. The unit cell volume undergoes
a rapid change in the vicinity of transition temperatures (see Figure 3.2.1.8 for 1-y = 0.06). Volume
was found in the range of 64.15 to 64.33 Å3 in cubic, tetragonal, and rhombohedral regions. A
significant change in volume occurred at tetragonal to orthorhombic and orthorhombic to
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rhombohedral transitions. The volume at orthorhombic regime was found in the range 128.24 to
128.61 Å3. The change in volume occurred due to thermal expansion of lattices.

Figure 3.2.1.8. Temperature dependence of the unit cell volume for the BaMn0.06Ti0.94O3 sample
in cubic, tetragonal, orthorhombic, and rhombohedral regions during heating cycle.
As mentioned earlier, the small amount of substitutions of bigger ions such as Zr4+, Sn4+,
and Hf4+, into the Ti-site of BaTiO3 results in an increase of Tc2 and Tc3 [68-69,85]. These
substitutions show lowering of the Curie temperature Tc1 below room temperature as expected due
to the decrease of tolerance factor. For higher substitution levels, only single cubic to
rhombohedral (TC/R) phase transition is present, which continue to decrease with increased amount

4+

of substitution. However, our results showed that the substitution of the smaller ion Mn
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on the

Ti4+ site slightly decrease the transition temperatures Tc2 and Tc3 as shown in Figure 3.2.1.3 and
3.2.1.5. What is most important, we observed that the ferroelectric transition temperature (TC1)
is higher than that of BTO and increases slightly with increasing Mn-substitution as predicted
due to the increased tolerance factor.

3.3 Dielectric and Electrical Measurements
Three different samples of ceramics (1-y = 0.06, 0.08, 0.167) were investigated in a wide
temperature range (125 - 425 K) at frequency varied from 1 Hz to 10 MHz. Figure 3.3.1 shows
the real ε’ and the imaginary ε” parts of dielectric permittivity as a function of frequency at
room temperature. One can observe that dielectric permittivity ε’ as well as dielectric losses,
represented by ε”, decrease with increasing contents of Mn4+ ions. The dielectric permittivity

ε’ step below 103 Hz, which is characteristic of dipole polarization contribution to the
dielectric response, appears only in the case of the lowest content of Mn. It means that the
structural disorder, induced by Mn4+ doping, significantly reduces the number of electric
dipoles capable to reorientation in electric field. With increasing content of Mn4+ ions more
apparent becomes the anomaly in the frequency range between 1 and 10 MHz. This type of
anomaly can be ascribed to the sudden release of frozen dipoles [86].
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Figure 3.3.1. Frequency dependences of real ’ and imaginary ” parts of dielectric permittivity of
BaMn1-yTiyO3 (1-y = 0.06, 0.08, 0.167) at room temperature.
The temperature dependences of the real ’ and the imaginary ” parts of dielectric
permittivity of BaMn1-yTiyO3 (1-y = 0.06, 0.08, 0.167) samples, measured on heating (black lines)
and on cooling (red lines) are shown in Figure 3.3.2. The main feature to be worth considering is
the depletion of the diffuseness of all phase transitions with the increase in Mn content. Similar
effect was observed by W. Cai et al. [87] for Mn-doped BaZr0.2Ti0.8O3 ceramics and the transition
from the cubic to the tetragonal phase.
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Figure 3.3.2. Temperature dependences of real ’ and imaginary ” parts of dielectric permittivity
of BaMn1-yTiyO3 (1-y = 0.06, 0.08, 0.167).
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Figure 3.3.3. Deviation degree from the Curie – Weiss law at the frequency of 1 MHz obtained for
BaMn1-yTi1yO3 (1- = 0.06, 0.08, 0.167).

The dielectric losses become several orders of magnitude lower with increasing content of
Mn. This feature results from the restraining role of Mn in creation of the oxygen vacancies
according to the formula: Ti4+ + 1/2OXO → Ti3+ + ½ VˑˑO because Ti4+ is chemically less stable
than Ti3+. The doping with Mn4+ restrains the change of Ti4+ into Ti3+ as follows Mn4+ + Ti3+ →
Mn3+ + Ti4+ [87].
None of investigated samples obey the Curie-Weiss law above TC1. The temperature Tcm
[88] range in which the deviation appears was estimated as the difference between the temperature
at which the experimental points diverges from the Curie – Weiss law (Tdev) and the temperature
at which 1/’ reaches minimum (Tm):
∆𝑇𝑐𝑚 = 𝑇𝑑𝑒𝑣 − 𝑇𝑚 .

(1)
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The accuracy we asses as ±0.2 K. Figure 3.3.4 shows the temperature dependence of 1/’. The
deviation degree Tcm decreases from 16.1 to 7.3 with increasing content of Mn. The effect can be
ascribed to the higher tetragonality (c/a = 1.0095) observed for BaMn0.167Ti0.883O3 in comparison
with that of BaMn0.06Ti0.94O3 (c/a = 1.0092) as follows from Table 3.2.1.1 [89].
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Figure 3.3.4. Temperatures of phase transitions in BaMn1-yTiyO3 (1-y = 0.06, 0.08, 0.167) obtained
from zero values of d’/dT in the frequency range 100 – 107 Hz.
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The results of the dielectric investigation are in good agreement with those of structural
measurements: the temperature of ferroelectric transition from cubic to tetragonal structure slightly
increases with the doping level of manganese ions but the transition temperatures from tetragonal
to orthorhombic and orthorhombic to rhombohedral phase decrease with increasing content of Mn.
The temperature of the transition from the cubic phase to the tetragonal one is strongly affected by
the size effect resulting from the distortions that lead to the change in the lattice parameters [9091]. The compression of the lattice usually decreases the temperature of the ferroelectric phase
transition whereas the stretching increases TC1. In the case of the BaMn1-yTiyO3 studied, one can
observe that the elongation of octahedral MnO6 along and around the c-axis results in the increase
in the volume Vc of the unit cell (Figure 3.2.1.8) in the vicinity of 400 K. This is the confirmation
of the size effect - induced increase in the temperature of the ferroelectric transition.
The measurements of the dielectric permittivity as a function of temperature (Figure 3.3.2)
on heating followed by cooling cycle revealed the temperature hysteresis likewise the structural
investigation. The temperatures of all phase transitions were determined based on the zero value
of the derivative d’/dT in a wide frequency range. Figure 3.3.4 shows the evaluated temperatures
in the frequency range from 100 Hz to 10 MHz. It is seen that the temperatures do not change with
the frequency. For the cubic/tetragonal phase transition the small temperature hysteresis was
observed: 1, 2 and 3 K for the samples with 1-y = 0.06, 0.08 and 0.167, respectively. The tetragonal
phase appeared within the temperature ranges: 266 – 393 K, 264 – 395 K, 264 – 397 K on heating
and 392 – 261 K, 393 – 256 K, 397 – 264 K on cooling for the samples with 1-y = 0.06, 0.08 and
0.167, respectively.
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Figure 3.3.5. Frequency dependences of 'ac conductivity in the temperature range 125 – 425 K
obtained for BaMn1-yTiyO3 (1-y = 0.06, 0.08, 0.167).
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Figure 3.3.6. Arrhenius plot of dc conductivity versus reciprocal temperature obtained for
BaMn0.06Ti0.094O3.
The temperature hysteresis in T/O transition enhanced from 5 K to 8 and 9 K with
increasing content of Mn. The temperature range of orthorhombic phase was found to be: 193 –
266 K, 192 – 264 K, 187 – 264 K on heating and 261 – 184 K, 256 – 177 K, 255 – 168 K on
cooling for the samples with 1-y = 0.06, 0.08 and 0.167. The temperature hysteresis related to the
O/R transition increased from 9 K to 15 K and 19 K with increasing content of Mn.
To study the nature of dielectric properties in detail, it is essential to explore the
temperature– and frequency– dependence of conductivity. Figure 3.3.5 shows the frequency
dependences of alternating current conductivity ac measured at constant temperatures within the
range from 125 to 425 K. The doping with Mn decreases the conductivity by several orders of
magnitude. The frequency-independent plateau appears only for BaMn0.06Ti0.94O3 sample above
about 330 K. Based on the 'dc conductivity value at the frequency of 1 Hz in the high temperature
region one obtains the dependence of 'dc on the reciprocal temperature which obeys the Arrhenius
law (Figure 3.3.7):

57

,

(2)

where Ea denotes activation energy and kB is the Boltzmann constant. The calculated value of Ea
amounts to 0.9 V and is typical for migration of oxygen vacancies [92].
In the whole frequency range the total conductivity  follows the Jonscher’s power law [93]:
.

(3)

Figure 3.3.7 shows the frequency dependences of ac conductivity of all samples BaMn1yTiyO3

at the temperature of 350 K as an example. The exponent s varies from 0.58 for

BaMn0.6Ti0.94 to 0.79 and 0.80 for BaMn0.08Ti0.92 and BaMn0.167Ti0.833 pointing to the change in the
character of free charge transportation from the diffusional to the hopping one [93] with increasing
content of Mn.
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Figure 3.3.7. Frequency dependence of ac conductivity obtained for BaMn1-yTiyO3 (1-y = 0.06,
0.08, 0.167) at the temperature of 350 K.

3.4 Structural study of compositions BaMn1-yTiyO3-δ in the range between 1-y > 0.167 and 1-y =
1.0.
As discussed earlier, a well-known BaTiO3 shows cubic structure at high temperature and
can be described as network of corner-sharing octahedra. In contrast, BaMnO3 shows network of
face-sharing octahedral units at room temperature. In between these polytype perovskites, the
percentage of face-sharing and corner-sharing octahedral units determines the layers of structures,
as already mentioned in the introduction. The Rietveld refinement of XRD data for 1-y = 0 to 0.167
was indexed on single-phase tetragonal structure at room temperature. All synthesized samples of
the BaMn1-yTiyO3-δ (1-y > 0.167) system in air and H2/Ar gas exhibited an interesting pattern of
mixed non-ferroelectric hexagonal and single-phase perovskite phase, which are shown in Table
3.4.1. The compounds in the range of 1-y > 0.167 to 1-y = 1 exhibited 2L, 12R, 6 L’, 4L, and
mixed hexagonal phases. Pure BaMnO3 (y = 0) showed a stable 2L-hexagonal phase in air at 600
o

C (A600) and in oxygen at 1100 oC (Ox1100), which is in good agreement with existing literature

[79,81]. It consists of infinite 1D face-sharing string MnO6 octahedra parallel to the c-axis with
the space group P63/mmc [79]. This sample was studied by our collaborators [94] and showed
complex behavior: very weak FE below 130 K as well as 1-dim AFM below 220 K and 3-dim
AFM below 59 K. Phase conversion of the 2L-hexagonal phase occurs on heating with increasing
amount of oxygen vacancies when the number of corner-sharing MnO6 octahedra increases and
the face-sharing sequences of octahedra get shorter. Finally, the structure of BaMnO3 changes to
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the 4L in Argon at 1360 C (Ar1360) which is the most oxygen deficient structure (BaMnO2.5) and
o

contains the sequential 50% face-sharing and 50% corner-sharing octahedra with the space group
P63/mmc [79]. Further reduction of the oxygen content lead to the decomposition of material into
BaO and MnO, thus it was not possible to obtain the perovskite BaMnO3.
In air at 600 oC, the compounds in the range of y = 0.1 to 0.333 revealed mix-phase of the
12R structure and the unknown phase. The transformation of 12R and unknown phase to 4L
occurred in air at 1360 oC. However, the use of 1% hydrogen atmosphere at 650 oC (H1%650)
changed 4L to mixed phase 4L with a trace of perovskite structure. For the y = 0.5 and 0.667
compounds, mix-phase of 12R and 6L appeared in air at 600 oC. The conversion of mix-phase to
6L’ appeared in Argon at 1360 oC. The 6L’ phase is similar to 6L of BaTiO3, but the stacking
sequence of the face and corner sharing octahedra is different. It contains 66.6% hcp and can be
described as face-sharing tetramers of Mn4O15 linked by the face-sharing Mn2O9 dimers [82]. The
compounds for y = 0.70 to 0.80, shown in Table 3.4.1, exhibited 6L’ structure, which was stable
in air, argon, and hydrogen in the temperature range 1300 to 1390 oC. Even thou it was possible to
observe sometimes traces of the perovskite phase for compositions 0.8 > y > 0.25, I was not able
to produce single-phase material to perform relevant structural, dielectric and magnetic
measurements.
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Table 3.4.1. Synthesis conditions exhibit 2L, 4L, 6L, and 12L of BaMnO3 and Mn-substituted
BaTiO3
BaMn1-yTiyO3

temperature (oC)/atmosphere

phase/Layers

y= 0

A1000

2L

A1000, Ox1100

2L

Ox1125, H1%600

2L + impurities

Ar1200, A600

2L

Ar1370, A400 (SC)

4L

A1300

12L + Unknown phase

A1300, Ar1360

4L

A1300, H1%700

4L + decomposition sign

A900

Unknown phase

A1200, A1300

12R + unknown

A1300, Ar1360

4L

H5%600

4L

A1300

12L + unknown phase

A1300, Ar1360

4L

Ar1360, A400

4L

A1300, H1%650

4L + trace of perovskite

A1300

12L + unknown

A1300, Ar1360

4L

Ar1360, A500

4L

A1300, H1%650

4L + trace of perovskite

A1300

12R + 6Lʹ

A1400

12R

A1300, Ar1360

6Lʹ

Ar1360, A500 (SC)

6Lʹ

Ar1250

12R

A1400, H42%600

6Lʹ + perovskite

H42%600, A400

Perovskite with trace of 6Lʹ

y = 0.10

y = 0.20

y = 0.25

y = 0.333

y = 0.50

(Continued of following page)

Table 3.4.1 continued.
H1%675
y = 0.667
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decomposes

A1300

12R + 6Lʹ

A1300, Ar1360

6Lʹ

H1%675

6Lʹ + trace of perovskite

Ar1430, H0.33% 950

Trace of cubic phase with
impurities

H0.33%, A400

Trace of cubic phase with
impurities

y = 0.70

y = 0.75

y = 0.80

y ≥ 0.83

A1250

12R + 6Lʹ

A1250, Ar1360

6L

A1250, H0.33%1150

6L + trace of perovskite

A1200

12R + 6Lʹ

A1200, A1300

6Lʹ

A1360, Ar1300

6Lʹ

Ar1300, A400

6Lʹ

H0.33% 1150, H0.33%1390

6Lʹ

H42%1080

6Lʹ

Ar1290

6Lʹ + trace of perovskite

Ar1290, H0.07%1300

6Lʹ + trace of perovskite

H0.07%1300, H0.10%1295

6Lʹ

H42%1250, H42%1350

6Lʹ

A1300, H42%1200

Single-phase tetragonal phase

3.5. Magnetic properties of Mn-substituted BaTiO3

BTO is an insulating ferroelectric material and does not exhibit magnetic properties
because of nonmagnetic Ti4+ ions with empty d orbitals. In contrast, BaMnO3 exhibits
antiferromagnetic properties [95]. Studies of the heavily Mn-substituted bulk samples of BaTiO3
revealed antiferromagnetic ordering [82,96]. The thin films of Mn-doped BTO exhibited

62
ferromagnetic properties at room temperature [97], explained by the bound magnetic polarons
(BMP) [71] as a source of ferromagnetic behavior due to Mn4+ and localized electrons. In ref. [98],
the ferromagnetic properties of Mn-doped BTO at low temperature were explained by exchange
interaction between Mn2+ ions and Ti4+ vacancy. The mixed phase of Mn-doped TiO2 exhibits a
robust ferromagnetic property due to bound magnetic polarons, which are formed by interfacial
defect at room temperature [99]. However, examination of these papers reviled that the bulk
samples with the Mn substitution larger than 2% showed unidentified impurities, thus the
described magnetic properties are in doubt since they may be caused by the non-perovskite phases.
In order to explore the magnetic properties of our bulk lightly Mn-substituted BTO (1-y =
0.08, 0.167), we measured in collaboration the magnetization in range of magnetic fields 0 – 50
kOe at the temperatures of 4 to 300 K. Unexpectedly, the fully oxygenated bulk samples exhibited
ferromagnetic properties at low temperatures with the ferromagnetic signal increasing with the
Mn-content. However, the magnetic transition temperature remained constant at near 70 K for all
samples indicating presence of the small amounts of magnetic impurity which was not visible in
XRD. The zero-field cooled (ZFC) and field cooled (FC) magnetization versus temperature curves
of lightly Mn- substituted (up to 1-y = 16.7% mol) BTO compound in an applied magnetic field
are shown in Figures 3.4.1, 3.4.2 and 3.4.3.

63

Figure 3.5.1. Right panel: ZFC and FC magnetization vs. temperature curves, and left panel:
Magnetization vs. magnetic field for 1-y = 0.06 sample.

Figure 3.5.2. Right panel: ZFC and FC magnetizations vs. temperature curves, and left panel:
Magnetization vs. magnetic field for 1-y = 0.08 sample.
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Figure 3.5.3. Right panel: ZFC and FC magnetization vs. temperature curves, and left panel:
Magnetization vs. magnetic field for 1-y = 0.167 sample.

At low fields, the measurement of FC and ZFC characterizes short-range spin-order
behavior. In the present study, the ZFC and FC diverged at low temperatures, but coincided with
each other at high temperatures for all three samples. Divergence in the low-temperature region
suggested that short-range spin order exists. The divergence disappears at high fields and the
samples (1-y = 0.08, 0.167) underwent a ferromagnetic or ferrimagnetic transition (FM). The MH hysteresis loops confirmed ferromagnetic ordering at temperatures below 100 K.

3.6. Conclusion

In conclusion, I have investigated the structural FE transitions as a function of temperature
of Mn-substituted BaTiO3 (0 ≤ 1-y ≤ 0.167) using synchrotron X-ray powder diffraction method.
Three structural transitions cubic to tetragonal, tetragonal to orthorhombic, and orthorhombic to
rhombohedral are observed with large temperature hysteresis as compare to BaTiO3. FE transition

temperature (TC1) is slightly increased, but TC2 and TC3
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are decreased with Mn-substitution. The

Mn-ions are completely incorporated with Ti-ions up to x = 0.167. Various hexagonal layers are
formed for the compositions 1-y > 0.167. The transition temperature found in the dielectric
measurement was in excellent agreement with synchrotron powder diffraction. The anomaly
dielectric nature was found in the high-frequency range 106-107 Hz. The dc conductivity is
apparent only in the sample with the lowest content of Mn. The character of the transportation of
free charge changes from diffusional to hopping with increasing content of Mn. The DC
magnetization measurements for lightly Mn-substituted BTO (0.06 ≤ 1-y ≤ 0.167) showed
ferromagnetic/ferrimagnetic properties most probably due to presence of small amounts of
magnetic Mn3O4 or (Mn,Ti)3O4 impurities in the samples.

CHAPTER 4
SEARCH FOR MULTIFERROIC BEHAVIOUR IN SrMn1-yTiyO3

4.1. Introduction

SrTiO3 (STO) is an incipient ferroelectric perovskite showing very large dielectric constant
and giant piezoelectric effect at temperatures below 50 K [100]. STO has a large band gap, eg ~
3.22 eV [101] and is widely used as a substrate for the growth of oxide thin films and as a dielectric
capacitor and in DRAM applications [102-103]. STO is easy to synthesize in air with the cubic
structure, which transforms to slightly distorted tetragonal structure I4/mcm below 110 K [104]
where t(T = 110 K) = 1. The cubic to tetragonal transition is very difficult to observe because of
a tiny magnitude of distortion (c/a = 1.00056 at 4 K). Thus, the tolerance factor is slightly larger
than 1 at room temperature and becomes slightly smaller than 1 below 110 K; i.e., unlike BTO,
the STO follows typical sequence of lowering of structural symmetry because of decreasing t(T)
with decreasing temperature. It is believed that this structural transition quenches ferroelectricity,
and thus, the removal of transition by increase of tolerance factor, as observed in Sr1-xBaxTiO3
system would introduce ferroelectricity.
In contrast, SrMnO3 (SMO) is an example of a perovskite polymorph, which exhibits both
cubic and hexagonal phases because its tolerance factor is larger than 1 (hexagonal) at the synthesis
temperature for Mn4+ but it can be brought to below than 1 (perovskite) by reduction in Ar for
Mn3+, as described earlier. SrMnO3 has been synthesized in both hexagonal and cubic
configurations depending on the synthesis environment [105]. The hexagonal phase is formed in
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the air in the temperature range 1000 -1200 oC [105]. I used two-step synthesis process to get the
single cubic phase structure, as discussed in detail in Chapter 2. Room temperature t = 1.04 for
oxidized perovskite material indicate tendency toward formation of ferroelectric distortions like in
BTO.
Both phases of SMO are insulating at 0 K but have different band gaps: 0.3eV for cubic
and 1.6eV for hexagonal polymorph [106]. The cubic SrMnO3 is antiferromagnetic at the
temperatures below 233 K [106-107], but despite t > 1 does not show ferroelectric properties. The
aim of this work was to explore if ferroelectricity could be induced in STO by substitution of
smaller Mn for Ti (increase of t) and to find for what range of Ti substitution for Mn the magnetic
properties of SMO could be maintained, thus possibly introducing multiferroic properties with a
large magnetoelectric coupling.
Manganese substituted STO compounds (SMTO) have attracted considerable attention
because of anticipated exciting magnetic properties. The substitution of polar Mn2+ on the A-site,
as Sr0.98Mn0.02TiO3, was reported to introduce multi-glass order, magnetoelectricity, and high
tunable ceramics [108-110]. According to Valant et.al, [111] the bulk of SMTO shows no magnetic
ordering and cannot be treated as a spin glass. Choudhary et.al. claimed that there is no magnetic
ordering for the Mn-substituted on Ti- or Sr- site; however, the simultaneously substituted on Srand Ti-sites show magnetic glassiness [112]. SMTO with large oxygen vacancy becomes metallic
and exhibits weak ferromagnetism [113]. Most synthesis studies of the SrMn1-yTiyO3 system were
performed in air where it forms perovskites structure for y = 0.5 - 1 and hexagonal for y = 0 - 0.4.
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I have obtained complete range of perovskite phase, y = 0 – 1, by using the two-step synthesis
procedure.

4.1.1. Structural Analysis of Mn-Substituted STO Based on Tolerance Factor
Since Mn4+ is considerably smaller than Ti4+, it should substitute on the B-site under
appropriate synthesis conditions and increase the tolerance factor, as we observed in BaMn1yTiyO3.

Tolerance factor can be calculated by the formula (1) to predict the ferroelectric and

structural distortion,
t (y, T) = [Sr – O] / √2{(1-y)[ Mn4+ – O] + y[Ti4+ – O]} …………………….. (1)
As the value of y decreases in equation 1, the tolerance factor value would increase as the Mncontent increases up to t =1.04 for y = 0. Therefore, the value of the tolerance factor for Mnsubstituted STO lies in the range ~1 to 1.04 at room temperature.
In this case, the ionic size of the Sr-ion is slightly bigger to occupy the fully available
volume created by cuboctahedral interstices. Therefore, the octahedra (Mn,Ti)O6 elongate at a
given temperature to increase the size of the cuboctahedra to fit the Sr-cation. As a result,
ferroelectric properties in the samples are to be expected. The accurate bond lengths are obtained
from Neutron Powder Diffraction (NPD) data. It was expected that by an increase of Mn-content
in the sample tolerance factor would increase to 1 and the non-FE structural tetragonal transition
should decrease below 110 K, and, then as t increases above 1 we could induce the FE structural
tetragonal transition.
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4.2. Results and Discussion

4.2.1. Structural Data Using Rigaku Diffractometer

Figure 4.2.1.1 XRD data showing a infinite solid solution: the Mn ion is completely incorporated
on Ti-site SMTO.
Structural properties of polycrystalline Mn-substituted STO samples SrMn1-yTiyO3 (y = 0
- 1.0) were studied at room temperature by XRD after every synthesis step. Figure 4.2.1.1 shows
the cubic structure with the space group Pm3m obtained in the range of 0 ≤ y ≤ 1 after final anneal
in oxygen. The best-fit Rietveld refinements of the XRD data were performed using GSAS to find
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the lattice parameters and confirm the cubic phase. The structural lattice parameters are collected
in Tables 4.2.1.1 and 4.2.1.2. The unit cell lattice parameters were found to decrease with
increasing Mn-substitution, as evidenced by the plot shown in Figure 4.2.1.2. The shift of 2θ peaks
toward higher angles in the XRD pattern, which is shown in Figure 4.2.1.1, also confirmed that
the lattice parameters decreased as the concentration of Mn-substitution increased in the samples.
I found no tetragonal splitting peaks near 40-45 deg. at room temperature, as evidenced by the
XRD plot shown in Figure 4.2.1.1, suggesting no ferroelectric distortion in materials. Furthermore,
Figure 4.2.1.3 shows the plot of lattice parameters versus temperature, indicating that no structural
transition appears in the temperature range 4 to 300 K for y = 0.7 – 0.9 compositions possibly
because of the not sufficient resolution of instrument or because of suppression of the non-FE
tetragonal phase.

Figure 4.2.1.2. Lattice parameter vs. y-content in the samples.
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Table 4.2.1.1. Structural Parameter of Poor Ti Content in SrMn1-yTiyO3 (at room temperature)
y:

0

a

3.8016

V
χ2

0.1

0.2

3.8089

3.8128

3.8221

3.8317

54.941

55.364

55.428

55.837

2.5

3.513

2.977

WRp % 6.23

6.23

Rp %

4.03

4.50

0.08

0.3

0.4

0.50

0.51

3.8429

3.8483

3.8551

56.260

56.751

56.991

57.293

3.14

3.34

3.12

3.18

3.53

6.48

6.52

6.60

7.01

6.97

7.42

4.7

4.65

4.90

5.90

5.51

5.28

Figure 4.2.1.3. Lattice parameter vs. temperature showing no structural distortion.
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Table 4.2.1.2. Structural Parameter of Ti Rich in SrMn1-yTiyO3 (at room temperature)
y:

0.60

0.70

0.80

0.833

0.90

1.0

a

3.8588

3.8730

3.8834

3.8925

3.8933

3.9050

V

57.458

58.095

58.565

58.977

59.016

59.547

χ2

4.33

2.032

3.23

1.89

4.34

1.56

WRp %

8.7

5.87

7.87

6.11

9.30

5.11

Rp %

6.4

4.39

5.97

4.70

5.52

3.90

Cubic structure a = b = c

4.3. Magnetization Measurements

STO is an insulating non-ferroelectric material and does not exhibit magnetic properties
because of nonmagnetic Ti4+ ions with empty d orbitals. In contrast, SrMnO3 exhibits G-type
antiferromagnetic properties at ~ 233 K [106,114]. Figures 3.4.1(b), 3.4.2 (b), and appendix
Figures A1 and A2 show the magnetic measurement of the heavily Mn-substituted STO (1-y = 0
to 0.60) in a range of magnetic fields at temperatures 4 to 300 K. The small divergence between
ZFC and FC data below 233 K (marked by arrow) was observed for the bulk samples y = 0, 0.1,
0.30. In these samples, the divergence may be associated with magnetic transition. Splitting in the
ZFC and FC increased as y-content increased in the samples y = 0 to 0.30. For y = 0.30, the ZFC
shows a peak at around 15 K with ZFC-FC bifurcation occurring below this temperature. For y =
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0, Figure 3.4.1 (b) shows the antiferromagnetic transition at ~ 233 K, which is in good agreement
with ref. [114]. The magnetic susceptibility data fitted to the Curie-Weiss law at high temperature
show negative TC, indicating the presence of antiferromagnetic behavior.
For y = 0.40, the ZFC showed no sign of magnetic orders up to around 12 K, as shown in
appendix Figure A2. The ZFC shows a peak around 12 K and ZFC- FC bifurcation below this
temperature, which indicates a long-range magnetic order below this temperature. This result was
confirmed by the opening of an M-H hysteresis loop.

Figure 4.3.1 (a). Magnetization vs. applied field at selected temperatures and (b) magnetization vs.
temperature for SrMnO3.
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Figure 4.3.2 (a). Magnetization vs. applied field at selected temperatures and (b) magnetization vs.
temperature for SrMn0.90Ti0.10O3.

Figure 4.3.3(a) shows the decrease of TN from ~ 233 to ~100 K with increasing Ti content
(y = 0- 0.3) due to dilution of the magnetic Mn-O network by nonmagnetic Ti ions. Figure 4.3.3
(b) shows the effect of applied pressure on TN for pure SrMnO3 derived from temperature derivate
of magnetization at various magnetic fields. The Neel temperature TN increases under external
pressure at ~ 1 K/ 1 kbar up to 10 kbar, demonstrating stabilization of the AFM phase under
hydrostatic pressure.
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Figure 4.3.3 (a). TN Vs. Ti-substitution (y-content), and (b) TN Vs. pressure at different
magnetic field

4.4. Conclusion

In conclusion, I have determined that the SrMn1-yTiyO3 adopts a cubic perovskite structure
at room temperature for all y and no structural distortion appeared down to 4 K for compositions
y = 0.70, 0.80, and 0.90. Higher resolution XRD experiments are required to observe the
temperature suppression of the cubic to the non-FE tetragonal I4/mcm phase transition. Since,
unlike the non-FE tetragonal I4/mcm phase, the FE-tetragonal phase P4mm is easily to observe
due to large splitting of the (002) diffraction peak, it could be concluded that no expected FE phase
was achieved by increase of tolerance factor above 1. As discussed in the following chapter this
may be caused by the different properties of ionic Ti ions and more covalent Mn ions, which
require larger internal tension to exhibit FE deformations of the (Ti,Mn)O6 octahedra.
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Antiferromagnetic ordering was observed at ~ 233, 195, 155, and 100 K for y = 0, 0.1, 0.2,
and 0.3, respectively. For y > 0.3, no antiferromagnetic ordering was observed proving suppression
of antiferromagnetic interactions by dilution of the Mn-O network with nonmagnetic Ti. The
application of hydrostatic pressure caused increase of TN at ~ 1 K/ 1 kbar in SrMnO3 demonstrating
stabilization of the AFM phase.
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CHAPTER 5
DISCOVERY AND STUDY OF SINGLE ION AND SINGLE PHASE MULTIFERROIC
Sr1-xBaxMn1-yTiyO3

5.1. Introduction

Perovskite-type ABO3 materials (A = alkaline or rare earth metal, B = transition metal) are
heavily investigated because of their display of a wide spectrum of functional properties including
superconductivity, ferroelectricity (FE), ferromagnetism and ferroelasticity [16,40,49,115], just to
name a few. Single ferroic materials are naturally abundant but the coexistence of two or more
ferroic orders, as in multiferroics possessing for example both the desired FE and magnetic
properties [10,16,21,22,116], is quite rare. For long, the scarcity of multiferroic compositions was
postulated as due to the conflicting dual need for both d0 and dn transition metal elements, essential
for ferroelectricity and magnetism, respectively [30]. Thus, the recent realization of materials that
exhibit both order parameters is of great fundamental and technological importance because of the
unique opportunity they present bringing us closer to understanding the driving mechanisms
responsible for their coexistence, in addition to their potential for practical applications where
magnetic properties must be controlled electrically and vice versa [9-11].
The past decade witnessed the discovery of several multiferroic systems including the
widely investigated BiMnO3, BiFeO3, YMnO3, and TbMnO3 perovskites [21,22, 26, 44,117-119].
BiFeO3 is perhaps the most investigated because of its high temperature FE, due to Bi 6s2 lone
pairs, and an exotic cycloidal antiferromagnetic structure (AFM) that arise from exchange
interactions between the localized magnetic moments of Fe d5 = t3e2 electrons. Because of their
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ordering on two separate sublattices, the magnetoelectric coupling is weak [120]. Nonetheless,
recently grown BiFeO3 thin films were shown to exhibit stronger multiferroic correlations [21,
121]. Unfortunately and despite their promising potential, BiFeO3 thin films are not functional in
their current form because of detrimental leakage currents due to additional charge carriers
introduced by the cationic off-stoichiometry of volatile Bi3+ [122-123]. Moreover, BiFeO3 thin
films have a tendency to form robust magnetic domains which result in the undesirable multi-step
reversal of the FE moment when subjected to external electric fields [122-123]. There’s a recent
paper claiming that this problem is overcome by growing their films on 111 oriented TbScO3
substrates [124].
The source of magnetic ordering in multiferroic materials arise from exchange interaction
between localized magnetic moments of B-site transition metal of d electrons as a result the double
and super exchange mechanism occurs through real and virtual electron transfer between
neighboring Mn3+ and Mn4+ ions along Mn-O-Mn bonds [40,125]. However, the ferroelectricity
has driven in these materials by different ways: lone pairs of A-site Bi2+ ions in BiFeO3 [21] and
BiMnO3 [22], charge ordering in Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3 [53], electrostatic and size
effect in hexagonal YMnO3 [44,118] and magnetic ordering in orthorhombic TbMnO3
[22,119,126-127]. The ferroelectric mechanism in these systems is different than that of prototype
robust BaTiO3 (BTO) in which ferroelectric arises from bonding between empty titanium 3d
orbitals and the oxygen 2p orbitals [49] that enforce off-centering displacements of the Ti4+ ions
in the BTO system. Based on the ferroelectricity driven in materials, multiferroics can be divided
into two groups: Type-I “proper” and Type-II “improper” multiferroics, which we already
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discussed in introductory part of Chapter 1. In Type-I multiferroic materials, the origin of
ferroelectricity is independent of magnetism and there is a weak coupling between these two order
parameters whereas in Type-II multiferroics, magnetism drives the ferroelectricity, which show
strong magnetoelectric coupling.
Since weak coupling between order parameters in multiferroics are not useful for practical
applications. Therefore, the search for new single-phase multiferroics with strong coupling
between order parameters is highly desirable. One such technique discussed by Khomskii [128],
for coupling between order parameters through charge and orbital ordering, was in perovskite
manganites, such as R1–xCaxMnO3 (R= La, Pr).
Recent first-principle calculations, on the other hand, suggest possible routes for the
realization of FE distortions in the structurally-related AMnO3 manganites (A = Ba2+, Sr2+, or Ca2+)
[75,77,129,130]. Unusually large electric polarization values were predicted; approaching the
properties of the prototypal displacive-type BaTiO3 ferroelectrics. For example, ferroelectricity
with spontaneous polarization of 12.8 μC/cm2 is speculated by off-centering the Mn4+ ions in the
hypothetical BaMnO3 perovskite structure [77]. To the best of our knowledge, achieving
pseudocubic symmetry for these materials remains elusive and only non-ferroelectric hexagonal
BaMnO3 polymorphs (2L, 4L, 6L etc.) are known to exist [see 78 for example]. In the case of
antiferromagnetic SrMnO3 and CaMnO3, theoretical work suggests the possible stabilization of
ferroelectricity in epitaxially strained thin films [75-76,131].
Strain-induced ferroelectricity could also be produced through chemical engineering of
desired pressures in substituted bulk materials. Studies performed in an extensive range of
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substitutions have shown strong correlations between the ionic size and the resulting magnetic and
structural properties of the perovskites [114,132,133]. With substitution of larger Ba (1.61 Å) for
Sr (1.44 Å), we successfully induced FE in bulk AFM Sr1-xBaxMnO3 perovskites (x > 0.4) in
which the Mn-O bonds are subjected to considerably larger tensile strains than those typically
observed by Ti-O bonds in the BaTiO3 ferroelectric analog. Our results are in remarkable
agreement with Sakai et al.’s [134] reported ferroelectricity in Sr1-xBaxMnO3 single-crystals with
x = 0.45 and 0.50 grown using floating zone image furnace techniques. Sr1-xBaxMnO3 samples
with x ≤ 0.4 are not ferroelectric despite the significant strains surrounding the MnO6 octahedra
[67,114].
The transition temperature from paraelectric to ferroelectric Sr1-x BaxMnO3 changes
steeply, from 345 to 410 K, as a function of small variations of the Ba content within the narrow
composition range 0.43 ≤ x ≤ 0.5 [67,134].

Ferroelectric ordering coincides with structural

transition from centrosymmetric Pm3̅m cubic to the lower noncentrosymmetric tetragonal P4mm
symmetry TC→T ≡ TS. Although strongly suppressed below the AFM Néel transition temperature
(TN ~ 200 K), the FE order remains present as confirmed by neutron and x-ray powder diffraction
[67,135] and P-E hysteresis curves [134]. At 2 K, a spontaneous polarization Ps of ~ 13.5 μC/cm2
for x = 0.5 was measured along the c-axis [134] which is roughly half than the maximum
polarization ~25 μC/cm2 estimated from Ps2 ∝ (c/a-1) in the FE-only temperature range above TN.
Similar values were calculated using neutron diffraction results [67,135]. The inability of the
magnetic order to fully suppress ferroelectricity suggests strong and robust magnetoelectric
coupling as discussed in recent ab initio calculations [129-130]. Direct measurements of the
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dielectric strength were not possible because of the semiconducting properties of Sr1-xBaxMnO3
having a small energy gap in its band structure. Infrared (IR) optical measurements and inelastic
X-ray scattering of polycrystalline Sr1-xBaxMnO3 samples confirm the existence of strong spinphonon and magnetoelectric coupling below TN [136-138]. FE polarization and magnetoelectric
coupling increases with Ba substitution [67].
Unfortunately, because of the severely unfavorable size contrast between Ba2+ and Sr2+, it
has proven difficult to extend the Ba solubility limit at ambient pressure to x > 0.45 [139]. To
overcome these synthesis limitations, dilute amounts of Ti were added at the Mn site allowing us
to successfully develop a new Sr1-xBaxMn1-yTiyO3 (SBMTO) series with tunable magnetoelectric
coupling strength. In this paper, we report the FE and AFM properties of SBMTO with x extended
up to 0.7 and y restricted to remain in the dilute limit between 0 and 0.12. Enhanced FE properties
are obtained with TS increasing to ~430 K together with larger tetragonal distortions suggesting Ps
values greater than those of the Ti-free Sr1-xBaxMnO3 counterparts. Structural data are used to
estimate the spontaneous polarization. Magnetic ordering, on the other hand, decreases to ~150 K
due to local disruptions of the magnetic Mn sublattice by nonmagnetic Ti4+ substituents. Titanium
substitution is demonstrated to be an effective tuning knob for the magnetoelastic coupling strength
below TN.
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5.2. Result and Discussion

Figure 5.1.1. Sr1-xBaxMn1-yTiyO3 system showing possible multiferroic region.
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As I discussed in Chapter 3, compositions 1-y = 0 to 0.17 in BaMn1-yTiyO3 exhibited singlephase FE structure with magnetic properties. Compositions with 1-y = 0.06 - 0.167 showed
ferromagnetic properties due to presence of manganese impurities. Compositions x = 0 to 1 in
BaxSr1-xTiO3 exhibited no multiferroic properties due to d0-ness. In Chapter 4, I found no
multiferroic properties in SrMn1-yTiyO3 and found complete solid solution in which Mn-ion
completely incorporated with Ti-ion. The samples in the range of y = 0 to 0.3 exhibited
antiferromagnetic properties, which are represented by a thick green line in the Figure 5.1.1. In the
region, 0.43 ≤ x ≥ 0.45 and y = 0 showed the tetragonal structure and exhibited single phase
multiferroic behavior. For x > 0.45, it was hard to synthesize the single phase multiferroic
compounds. However, I extended an investigation of Ti-substituted to the manganese site of the
Sr1-xBaxMn1-yTiyO3 (SBMTO) system, which is shown in Figure 5.1.1. Structural properties of
several samples were studied by using synchrotron X-ray powder diffraction at the APS in ANL,
which showed tetragonal-cubic structural distortion occurring above 350 K and exhibited c/a value
significantly exceeding the tetragonal titanates, for example, BaTiO3.
In the phase diagram, many synthesized single-phase samples are represented by small red
sphere. All these spheres show a distorted structure with ferroelectric properties. The solid squares
show hexagonal structure. The enlarged view of these spheres and squares is shown in the Figure
5.1.2.
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Figure 5.1.2. c/a ratio of synthesized samples.

The substitution of Ti on the manganese site changes the structure and properties of the
materials. The c/a ratio of synthesized samples were calculated from XRD data using Rietveld
refinement as a function of x. The change in c/a value revealed that Ti4+ substitution on B-site of
Mn4+-ion changed the shape of the unit cell SBMO. The possible multiferroic behavior in SBMTO
phase diagram are represented by Venn diagram where a circle filled by solid red lines of Figure
5.1.3 represents the multiferroic region.
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Figure 5.1.3. Multiferroic region of synthesized samples in Venn diagram.

5.2.1. Materials Synthesis and Phase Formation
Samples were produced with various Ba and Ti substitutions. Phase formation was
examined after each synthesis step. Figure5.1.2 summarizes the structural types of successfully
synthesized compositions after their final annealing in pure oxygen. A well-defined region is
identified in which high purity tetragonal perovskites (full circles) are obtained with the desired
instrument-independent tetragonal lattice parameters c/a ratio > 1 (1.007 to 1.017 as shown in
Figure 5.1.2). The magnitude of this distortion is comparable to the c/a = 1.011 of the benchmark
ferroelectric BaTiO3 material [140]; thus, confirming the potential of our SBMTO materials for
achieving large spontaneous polarization as estimated using the equation Ps2 ∝ (c/a – 1) [134]. It’s
worth noting the continuously increasing solubility limit of Ba from about x ~ 0.45 for the Ti-free
powder series [67] to about x ~ 0.7 with Ti substitution levels up to about 12% (y = 0.12). Despite
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multiple attempts of synthesis under various isobaric conditions, samples with increasingly large
x values as a function of increasing y content could not be made tetragonal or pseudocubic. These
materials crystallize in the more stable hexagonal 4L structure (c/a >> 1) in which (Mn,Ti)O6
octahedra form mixed corner- and face-sharing networks [78]. Also noteworthy is the synthesis of
cubic structures (c/a ~ 1) that remain undistorted, within the resolution of our lab X-rays, despite
the significant strains and chemical pressures the materials are subjected to.

Figure 5.2.1.1. Rigaku XRD data: plot of intensity versus 2θ of composition
Sr0.45Ba0.55Mn0.95Ti0.05O3 in different atmosphere, such as (a) H2/Ar gas and (b) oxygen gas.
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Representative X-ray patterns are shown in Figure 5.2.1.1 for the x = 0.55 and y = 0.05
sample before and after oxygen annealing. Large shifts of the diffraction peaks to higher angular
values after oxygen annealing (i.e., smaller lattice parameters) agree with the large change in
oxygen content (Δδ ~ 0.6) and the concomitant conversion of large Mn3+ and Mn2+ ions present in
oxygen-deficient samples into smaller Mn4+ ions when fully oxygenated. Highly oxygen-deficient
samples obtained in H2/Ar atmospheres at 1300oC crystallize in the common perovskite Pm3̅m
cubic structure; suggesting random oxygen vacancies. It’s noteworthy here the suppression, by
Ba and Ti substitution, of the various long-range oxygen ordered sublattices previously observed
in similarly oxygen-deficient SrMnO3-δ materials [141]. Upon filling the vacancies by annealing
the material in oxygen at 350oC, the room temperature structure of SBMTO becomes tetragonal
and crystallizes in the FE compatible noncentrosymmetric P4mm space group symmetry.

5.2.2. Structural Properties
Representative best-fit Rietveld refinements of XRD data taken at the APS at 452, 296 and 103
K shown in Figure 5.2.2.1 (a)-(c) demonstrate the cubic, tetragonal, and reduced tetragonal
structures of Sr0.45Ba0.55Mn0.95Ti0.05O3 above and below TS, and below TN respectively. Order
parameter neutron diffraction scans (NPD) were collected at 2.5, 250, and 500 K. At 500 K, the
paraelectric cubic phase is a typical three-dimensional stacking of corner-shared (Mn,Ti)O6
octahedra in which (Mn,Ti) atoms occupy high symmetry positions at the center of perfect
octahedral oxygen cages. The A-site (Sr,Ba) ions occupy cavities that form between the octahedra
[142].
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Figure 5.2.1.2 (a). Rietveld refinement of synchrotron X-ray powder diffraction data taken at APS
at 452 K of composition Sr0.45Ba0.55Mn0.95Ti0.05O3. The calculated and observed data in the cubic
phase were in good agreement with each other. Inset shows XRD data at various temperature
obtained at APS over 2 range near the (002) Bragg peak, see text.
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Figure 5.2.1.2 (b). The XRD data taken at the APS at 296 K and the Rietveld refinement for the
oxygen annealed tetragonal Sr0.45Ba0.55Mn0.95Ti0.05O3. In the tetragonal phase, the calculated and
observed data are in good agreement with the P4mm crystal structure known for the ferroelectric
BaTiO3.

At all temperatures below TS, elongated (Mn,Ti)O6 octahedra give rise to tetragonal distortions
with the (Mn,Ti) atoms shifting off of their high symmetry positions along the c-axis while both
the independent apical and equatorial oxygen atoms of the octahedra shift in the opposite direction,
thus, creating charge separation and ferroelectricity compatible with the noncentrosymmetric
P4mm symmetry of the material. The distortions observed here are similar to the Ti and O
displacements that give rise to robust displacive-type ferroelectric properties in BaTiO3 [66].
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Figure 5.2.1.2 (c). The XRD data taken at the APS at 103 K and the Rietveld refinement for the
oxygen annealed tetragonal Sr0.45Ba0.55Mn0.95Ti0.05O3. In the reduced tetragonal phase, the
calculated and observed data are also in good agreement with the P4mm crystal structure known
for the ferroelectric BaTiO3.
Below TN, peaks originating from magnetic ordering of the Mn4+ sublattice are shown in Figure
5.2.1.3. A G-type AFM Mn sublattice, insensitive to Mn and oxygen shifts, is best described using
the symmetry of the P4/m’m’m magnetic space group [143] in which the magnetic moment of each
Mn4+ ion points in a direction opposite to that of its six nearest neighbors. At 2.5 K, the Mn moment
refined to 2.41 B, in agreement with values typically obtained for Mn4+ in similar manganite
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structures [67] and with the dilutive effects of Ti randomly occupying Mn sites of the same
sublattice.

Figure 5.2.1.3. NPD paterns showing reflections for composition Sr0.40Ba0.60Mn0.93Ti0.07O3 at
three different temperatures. The magnetic reflection arise from antiferromagnetic ordering
below TN.
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5.2.2.1. Structural parameters refined using NPD data collected at three temperatures for
Sr0.40Ba0.60Mn0.93Ti0.07O3, where (Sr, Ba) and (Mn, Ti) occupy the site at (0, 0, 0) and (1/2, 1/2, z),
respectively.

Parameters

Temperatures
2.5 K

250 K (Tetragonal P4mm)

500 K (Cubic Pm3m)

a = b (Å)

3.86793(4)

3.87316(2)

3.90086(2)

c (Å)

3.89007(7)

3.92302(5)

-

0.0011(3)

0.0049(2)

0.0086(2)

z (Å)

0.4998(32)

0.4901(17)

0.5

Uiso (Å2)

0.0029(4)

0.0052(3)

0.0080(3)

0.0137(16)

0.0141(12)

-

0.0065(6)

0.0089(4)

0.0121(2)

z (Å)

0.5114(18)

0.5129(12)

-

Uiso (Å2)

0.0044(3)

0.0075(2)

-

χ

3.5%

2.7%

3%

Rwp

6%

5%

6%

RI

5.2%

3.0%

1.9%

(Sr, Ba)-O1×4 (Å)

2.7356(12)

2.7393(10)

2.7583(10)

(Sr, Ba)-O2×4 (s) (Å)

2.712(5)

2.720(3)

2.7583(10)

(Sr, Ba)-O2×4 (l) (Å)

2.774(5)

2.793(4)

2.7583(10)

(Mn, Ti)-O1(l) (Å)

1.999(11)

2.055(6)

1.9504(10)

(Mn, Ti)-O1 (s) (Å)

1.891(11)

1.868(6)

1.9504(10)

(Mn, Ti)-O2×4 (Å)

1.9345(3)

1.9386(3)

1.9504(10)

Mn-O2-Mn

177.4o

174.69o

180o

c/a

1.0057

1.0128

1.0

Ps (μC/cm2)

15.19

28.95

0.0

μB

2.41(4)

-

-

(Sr, Ba)
Uiso (Å2)
(Mn, Ti)

O1
z (Å)
2

Uiso (Å )
O2

2

Uiso = isotropic thermal factor
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Splitting of the cubic (002)C peak into two tetragonal (002)T and (200)T peaks at 296 K (xrays) and 250 K (neutrons) is shown in the inset of Figure 5.2.1.2(a) and Figure 5.2.1.3,
respectively. The figures also demonstrate reduced peak splitting below TN, thus, indicating the
partial suppression of the ferroelectric tetragonal order and its coexistence with magnetism down
to 2.5 K. This is in clear contrast with the near complete suppression of the tetragonal order in Tifree Sr1-xBaxMnO3 [67,134] and a demostration of the FE order sensitivity to tiny variations in the
Ba and/or Ti content. More evidence of magnetoelectric tunability is shown in additional
measurements below. Structural parameters and relevant bond-lengths and angles obtained from
refinements using oxygen-sensitive neutron data are listed in Table 5.2.2.1. The in-plane Mn-O2Mn bond angle of 177.4o at 2.5 K agreees with the suggested AFM exchange interactions
[114,139].

5.2.3. Temperature Dependent Structural Properties
Synchrotron x-ray data collected on heating between 90 and 452 K are used to quantify the
c/a ratio as a function of temperature and to determine the temperatures of structural and magnetic
transitions, TS and TN, respectively. Contour maps are shown in Figure 5.2.3.1 for three samples
in which the Ti-content was kept constant while the Ba-concentration varied slightly, namely x =
0.55, 0.58, 0.60 for y = 0.06. Monitoring the tetragonal (002) and (200) diffraction peaks
demonstrates the steep character of the cubic to tetragonal structural transformation with TS
increasing by about 80 K from 350 to 430 K, with the latter being significantly higher than the
transition temperatures of Ti-free Sr1-xBaxMnO3 [67] and BaTiO3 [66] counterparts.
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Concomitantly, the FE tetragonal distortion increases fast upon increasing the Ba content as seen
in the broader raw data peak separation in Figure 5.2.3.1 and the corresponding refined lattice
parameters displayed in Figure 5.2.3.2. The unit cell volume undergoes an abrupt change at the
structural transition temperature TS, see Figure 5.2.3.2 for example for the x = 0.60 and y = 0.06
sample, in agreement with an expected discontinuous first-order paraelectric to ferroelectric phase
transition.

Figure 5.2.3.1. Structural transition temperature for x = 0.55, 0.58 and 0.60, and y = 0.06. Top
arrow: ferroelectric transition temperature (TC) and bottom arrow: Neel temperature (TN).
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Figure 5.2.3.2. Temperature evolution of the lattice parameters for Sr1-x BaxMn1-yTiyO3 samples
with x = 0.60, 0.58, 0.55 and y = 0.06 during heating cycle.

Figure 5.2.3.3. Temperature dependence of the normalized unit cell volume for the
Sr0.40Ba0.60Mn0.94Ti0.06O3 sample in paraelectric, ferroelectric and multiferroic regions during
heating cycle.
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Figure 5.2.3.4. The 2D contour plots of the synchrotron XRD data near the (002) and (200)
diffraction peak taken during the heating and cooling cycles at the APS for the
Sr0.45Ba0.55Mn0.95Ti0.05O3 sample.

Hysteresis of the ferroelectric and magnetic transition temperatures was explored for the x
= 0.55 and y = 0.05 composition, Figure 5.2.3.4. The sample was fast cooled to ~90 K and
measurements were taken on heating to 452 K then on cooling back to 90 K. A first-order-like
hysteresis of the FE order is clearly observed with the transition temperature, TS, shifting from
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~374 K on heating to ~314 K on slow cooling. A 60 K hysteresis is significantly larger than that
observed 6 K with BaTiO3 [144]. Interestingly, the magnitude of maximum tetragonal distortion
c/a = 1.0115 seems unaffected by the hysteresis as it appears largely unchanged and remaining
near 220 K as revealed by the temperature-dependent lattice parameters and c/a ratio in Figures
5.2.3.5 and 5.2.3.6, respectively. 2D contour plots for x = 0.60, 65 and y = 0.07, 0.06 are shown in
appendix Figures A3 and A4.

Figure 5.2.3.5. APS data: Refined lattice parameters as a function of temperature for composition
Sr0.45Ba0.55Mn0.95Ti0.05O3. Significant ferroelectric temperature hysteresis was seen by heating
followed by cooling.
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Figure 5.2.3.6. APS data plot: Strain (c/a) versus temperature. The c/a ratio for composition
Sr0.45Ba0.55Mn0.95Ti0.05O3 was higher in the cooling cycle. The ratio was unity in both the heating
and cooling cycles in the cubic phase. The ratio maximum was 1.0115 at 218 K.

At temperatures below TN, the c lattice parameter and c/a ratio are partially suppressed
while the a lattice parameter increases slightly while the structure remaining clearly tetragonal at
all temperatures down to base temperature as seen in Ti-free Sr1-xBaxMnO3 [67] and in the x = 0.6,
y = 0.07 sample discussed above. Intriguinly, the c/a ratio was noticeably less suppressed on
cooling (1.007, 40%) than on heating (1.004, 65%). While various speculative arguments could be
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proposed to explain this behavior as in saturated polarization achieved on slow cooling versus the
unsaturated FE ordering of the relatively fast cooled as-made samples; it is clear that in-situ work
under various temperature and atmospheric conditions is needed to study the thermal and temporal
effects on the magnitude and stability of the FE order.

5.2.4. Magnetic Properties
Transition temperatures to bulk magnetism obtained from the temperature derivatives of
the c/a curves agree well with the magnetization results discussed below. A constant Néel
transition temperature, TN , of ~ 155 K obtained both on cooling ( see left panel of Figure 5.2.4.1)
and on heating indicates the second-order nonhysteretic nature of the magnetic phase.

Figure 5.2.4.1. Left panel: The temperature derivative of (c/a) ratio vs. temperature

for

composition Sr0.45Ba0.55Mn0.95Ti0.05O3 and right panel: magnetic susceptibility versus temperature
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in external magnetic fields at 10 and 70 kOe for composition Sr0.40Ba0.60Mn0.94Ti0.06O3. Inset shows
Néel temperature at 142±5 K.

Figure 5.2.4.2. DC magnetization measurements in external magnetic fields: 10, 30, and 50 kOe
for x = 0.5, and y = 0.02.

Figure 5.2.4.1 shows the temperature dependence of AC susceptibility for the x = 0.60 and
y = 0.06 sample measured in external magnetic fields of 10 kOe and 70 kOe. The inset of Figure
5.2.4.1 shows the temperature derivative of magnetic susceptibility (dχ/dT), which we use to define
the magnetic transition TN at 142 ± 5 K. The TN is essentially constant at both magnetic fields.
Figure 5.2.4.2 shows DC magnetization versus temperature plot for another sample with x = 0.5
and y = 0.02 at magnetic fields 10, 30, and 50 kOe. The magnetization increases significantly and
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shows a better-defined AFM transition. The temperature derivative of magnetization (dM/dT),
shown in Figure 5.2.4.3 is used to determine TN ~ 180 K which again did not show dependence on
the magnitude of the applied external field. TN’s obtained by magnetization derivatives are in good
agreement with those determined from d(c/a)/dT, Table 5.2.4.1.

Figure 5.2.4.3. dM/dT versus T at magnetic fields: 10, 30, and 50 kOe at ambient pressure for x =
0.45, 0.55, 0.60, 0.65 and y = 0.06.
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Figure 5.2.4.4. TN versus Ba content (x) with fixed Ti content y = 0.06, showing suppression of TN
as a function of x.
The linear suppression of TN from ~ 188 to ~133 K is shown in Figure 5.2.4.4 as a function
of increasing the Ba content (x = 0.45 - 0.65) at a fixed Ti concentration y = 0.06. This behavior is
in good agreement with Ti-free Sr1-x BaxMnO3 for which the TN suppression with increased Ba
was successfully correlated with structural disorder or the variance of ionic sizes on the A-site and
the corresponding local variations of the Mn-O2-Mn bond angles [67,114]. We note, however, that
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there’s no clear relationship between TN and the Ti-substitution levels (y = 0, 0.02, 0.06, and 0.10)
at fixed Ba (e.g., x = 0.50), Table 5.2.4.1.

Table 5.2.4.1. TN for Sr1-xBaxMn1-yTiyO3.
x

y

*

**

0.65

0.06

-

133

0.60

0.06

145

142

0.58

0.06

150

-

0.55

0.06

158

162

0.55

0.05

155

-

0.50

0.0

-

185 (ref. 133)

0.50

0.02

-

180

0.50

0.06

-

162

0.50

0.10

-

178

0.45

0.06

-

192

TN (K)

TN (K)

* = TN derived from structural parameters, i.e., the maximum slope of the d(c/a)/dT of the XRD
data.
** = TN derived from magnetic measurements, i.e., the maximum slope of the dM/dT.

5.2.5. Spontaneous Polarization and Tunable Magnetoelectric Coupling
All samples measured by diffraction exhibit pronounced kinks in the c/a curves below TN
indicating AFM transition and the partial suppression of ferroelectricity. Figure 5.2.5.1 shows
reduction of the c/a ratio by about 55-65% for a few select compositions. The large tetragonal
order surviving down to the lowest temperatures is in stark apparent contrast with data previously
reported for Sr1-xBaxMnO3 [Fig.13 of ref. 67] in which the suppression of tetragonality at first
appears complete. If true, the ferroelectric order would have been fully destroyed as well, with PS
dropping to zero, giving way to the low temperature AFM cubic state. However, using neutron
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data, Rietveld refinements demonstrated the persistence of a slightly distorted tetragonal FE phase
below TN with c/a ~1.0015 reduced by up to 81 % of its maximum value [67]. Consequently, a
57% Ps suppression would be expected despite the small c/a ratio. Indeed, calculations of PS using
the refined bond-lengths and angles resulted in substantial PS of ~ 13.4 μC/cm2 at ~ 195 K for the
x = 0.45 sample (y = 0) in agreement with Sakai’s measured PS value of 13.5 μC/cm2 for x =0.5 at
2 K [134]. This corresponds to about 55% suppression of the maximum PS = 29.5 μC/cm2 observed
at ~225 K. Noteworthy, the magnitude of polarization Ps above TN calculated using actual atomic
position shifts is larger for polycrystalline Sr0.55Ba0.45MnO3 than that estimated using Ps2 ∝ (c/a –
1) for Sakai’s Sr0.5Ba0.5MnO3 single crystal, for example [134].
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Figure 5.2.5.1. Strain (c/a) versus temperature for compositions x = 0.55-0.60 and y = 0.05-0.06
during heating cycle.

In the case of Sr0.4Ba0.6Mn0.93Ti0.07O3, the c/a ratios of 1.0057 and 1.0128 at 2.5 and 250
K, respectively, indicate a significantly less suppression of the tetragonal distortion (~55%) than
in the Ti-free counterparts (~90%). Using the equation PS2 ∝ (c/a – 1) suggests a PS reduction of
~34 % between the same two temperatures in good relative agreement with the 47% PS suppression
calculated using the refined bond-lengths and angles (PS reduced from ~ 28.95 μC/cm2 at 250 K
to 15.19 μC/cm2 at 2.5K). This is a remarkable agreement especially taking into account the
refinement estimated errors that affect the absolute accuracy of both the lattice parameters and the
internal structural parameters.

106
Figure 5.2.5.2. Ratio of polarization versus temperature for compositions x = 0.43-0.60 and y = 00.06 during heating cycle.
Finally, plotting the relative spontaneous polarization (PS/PS_max) for all the samples
including our Ti-free samples [67] unequivocally demonstrate the huge effects of Ba and Tisubstitution on both the FE and AFM properties of the materials with the former order parameter
peaking at about 230 K, Figure 5.2.5.2. The figure further demonstrates the widening operational
temperature range that separate the two order parameters and more importantly the tunable
character of the magnetoelectric coupling in response to tiny variations of the A-site and/or B-site
stoichiometry. The TC and TN linear correlations with the c/a ratio are shown in Figure 5.2.5.3.
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Figure 5.2.5.3. (TC, TN) versus temperature for compositions x = 0.43-0.60 and y = 0-0.06 during
heating cycle.

5.3. Structural and Magnetic Properties under Pressure
The structural and magnetic properties have been studied under applied pressure of 0 to 2.15
GPa (0-21.5 kbar) for a compound with x = 0.55 and y = 0.05. For reference, the Curie temperature
of the nonmagnetic BaTiO3 is known to decrease linearly with increasing pressure at 7 K/kbar
[145]. The goal of our measurements was to observe if a similar decrease of Curie temperature at
cubic – tetragonal transition is present for SBMTO system and, in addition, to investigate the effect
of applied pressure on AFM transition coupled to suppression of the FE tetragonal distortion; i.e.,
on the multiferroic properties.
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Figure 5.3.1. Representative XRD pattern taken at APS in sector 16ID in ANL at pressure 0.44
Gpa at temperature 200 K; stars correspond to the peak from the ruby crystal and the gasket.

For structural measurements done at Argonne APS’ sector 16ID focus was on the diffraction
peaks splitting near (002), which is the easiest way to observe structural phase transitions. Figure
5.3.1 shows representative XRD pattern in the range of 8 to 14o where also small spurious
diffraction peaks are visible from the ruby crystal and the gasket.

Figure 5.3.2. Transformation from tetragonal to cubic structure as a function of pressure at
various temperatures.
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Figure 5.3.2 shows XRD patterns at selected temperatures of 180, 200, and 300 K, which
demonstrate gradual decrease of the tetragonal (002) and (200) peaks splitting near ~ 12.6o with
increasing pressure. The XRD patterns at 0 Gpa were taken at 11-BM-B where the peaks splitting
appears sharp because of high resolution of beam-line. The peak splitting apparently disappears
for pressures of 1.51, 2.02, and 1.0 GPa at temperatures 180, 200, and 300 K, respectively,
resulting in transformation to cubic structure. Similar tetragonal to cubic structural transitions
observed at several temperatures (see Figure A5) and pressures was used to construct the pressure–
temperature (P-T) phase diagram, as shown in Figure 5.3.3. A decrease of TC with increasing
pressure was observed at 7 K/kbar was analogous to prototypical BaTiO3 [145]. This is a
remarkable result since the electronic properties of the Ti ions with d0 configuration are very
different from the Mn ion with d3 configuration. The in-depth theoretical explanation of this
observation may provide important insight about the origin of perovskites FE and the universality
of octahedra distortions as predicted by the tolerance factor arguments used in our investigations.
TN was calculated by taking temperature derivative of the c/a ratio in AFM region. The
calculated TN was 155 K. An increase of TN with increasing pressure was expected.
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Figure 5.3.3. Pressure-temperature (P-T) phase diagram for Sr0.45Ba0.55Mn0.95Ti0.05O3 at zero
magnetic field.

The temperature dependent measurements of magnetization at several fields under
hydrostatic pressure of 0 to 10 kbar done in collaboration were used to compare with structural
experiments. By finding the maximum of the magnitude of temperature derivative of M(T), the
temperatures TN’s were found for each pressure. These TN’s are shown on Figures 5.3.4 and 5.3.5.
Noticeably, TN values found this way at zero applied pressure agreed very well with TN’s obtained
using of the temperature derivative of the c/a ratio for several samples described in Chapter 5.
Unfortunately, no magnetic measurements were done for the x = 0.55 and y = 0.05 sample. As
Figures 5.3.4 and 5.3.5 demonstrate TN shifts towards higher temperatures as external pressure was
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increases for all used magnetic fields for 10, 30, and 50 kOe. The slope of dTN/dP was found in a
range ~ 1–5 K/kbar indicating enhancement of the AFM phase and suppression of the FE under
pressure which was strongly dependent on the sample composition. Our similar measurements of
dTN/dP ~ 1 K/kbar for the non-FE SrMnO3 sample described in Chapter 4 indicate that the major
cause of suppression of multiferroic phase is enhancement of the AFM interactions. This is
consistent with observations of dT/dP > 0 in CaMnO3 [107] which indicates localized electron
AFM [146]. However, very strong increase of TN under pressure for some samples supports the
picture that FE is strongly suppressed by pressure as observed in BaTiO3 [145].
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Figure 5.3.4. P-T phase diagram showing the increase of Neel temperature with applied pressure
at different fields (10, 30, and 50 kOe) of the compounds in Sr1-x BaxMn1-yTiyO3 (x = 0.65, 0.60,
0.55, 0.45 and y = 0.06).

Figure 5.3.5. P-T phase diagram showing the increase of Neel temperature with applied pressure
at different fields (10, 30, and 50 kOe) of compounds of Sr1-x BaxMn1-yTiyO3 (x = 0.5 and y = 0.02,
0.06, 0.1).

The ferroelectric transition temperature data are presented in Table 5.3.1 in which FE was
obtained from the Rietveld refinement method. The dash lines in the table indicate that the
compositions did not measure the ferroelectric and Neel temperature.
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Table 5.3.1: Ferroelectric transition temperature and dTN/dP
x, y

x=0
y=0
x=1
y=1
x =1
y = 0.98
x=1
y = 0.95
x=1
y = 0.94
x=1
y = 0.92
x=1
y = 0.90
x=1
y = 0.83
x = 0.43
y=0
x = 0.44
y=0
x = 0.45
y=0
x = 0.50
y=0
x = 0.45
y = 0.06
x = 0.50
y = 0.10
x = 0.50
y = 0.06
x = 0.50
y = 0.02
x = 0.55
y = 0.05
x = 0.55
y = 0.06
x = 0.58
y = 0.06
x = 0.60
y = 0.06
x = 0.60
y = 0.07
x = 0.65
y = 0.06

Sr1-xBaxMn1-yTiyO3

FE
transition
temperature
(TC)
heating
process
±6K
-

FE transition
temperature
Cooling
process
± 6K
-

dTN/dP
at 10
kOe

dTN/dP
at 30
kOe

dTN/dP
at 50
kOe

-

-

-

SrMnO3
-

-

-

-

393
-

-

-

-

-

BaMn0.05Ti0.95O3

395

-

BaMn0.06Ti0.94O3

404
-

398
-

BaTiO3
BaMn0.02Ti0.98O3

-

-

-

-

-

-

-

-

-

-

-

-

-

1.90

1.80

1.70

-

-

-

2.30

2.40

2.40

BaMn0.08Ti0.92O3
BaMn0.10Ti0.90O3

395

BaMn0.167Ti0.833O3

409

403

Sr0.57Ba0.43MnO3

325

Sr0.56Ba0.44MnO3

345

Sr0.55Ba0.45MnO3

362
-

-

-

-

Sr0.50Ba0.50MnO3

420 (ref. 133)
-

-

1.25

1.37

1.87

-

-

1.75

1.90

1.95

-

-

3.75

4.25

4.37

3.71

3.71

3.57

-

-

-

1.80

1.85

1.86

-

-

-

4.62

4.67

4.72

-

-

-

2.77

2.92

3.53

328

Sr0.55Ba0.45Mn0.90Ti0.10O3
Sr0.50Ba0.50Mn0.90Ti0.10O3
Sr0.50Ba0.50Mn0.94Ti0.06O3
Sr0.50Ba0.50Mn0.98Ti0.02O3

-

Sr0.45Ba0.55Mn0.95Ti0.05O3

374

314

Sr0.45Ba0.55Mn0.94Ti0.06O3

350

-

Sr0.42Ba0.58Mn0.94Ti0.06O3

430

-

Sr0.40Ba0.60Mn0.94Ti0.06O3

409

-

Sr0.40Ba0.60Mn0.93Ti0.07O3

420

-

Sr0.45Ba0.65Mn0.94Ti0.06O3

375

340
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In summary, I investigated the structural transition temperature, tetragonality c/a with the
displacement of the B-site cation in FE and AFM phase, spontaneous polarization (Ps), and the
suppression of FE and Neel temperature of multiferroic SBMTO perovskites. These compounds
exhibited significant temperature hysteresis in the FE phase and ferroelectric property was
controlled by the substitution levels x and y. I observed that there is no temperature hysteresis in
the AFM phase. In the applied magnetic fields, these compounds revealed no significant change
in Neel temperature. The large suppression of FE in the AFM phase confirmed the strong coupling
between the FE and AFM orders in the AFM phase. The magnetic measurements confirmed the
suppression of TN in the AFM phase with increasing Ba-content.
I also investigated the structural transition temperature and the effect of hydrostatic
pressure on the TN and TC of multiferroic compounds in the Sr1-xBaxMn1-yTiyO3 system. The
negative slope dTC/dP in the P-T phase diagram demonstrated that TC decreased with increased
pressure, suggesting FE is suppressed by pressure. Likewise, the positive slope dTN/dP in the P-T
phase diagram confirmed stabilization of the AFM phase with increased pressure and partial
suppression of FE.
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CHAPTER 6
DISCOVERY OF MULTIFERROIC PROPERTIES IN BaMn xFe1-xO3-δ (x = 0.30)

6.1. Introduction

In Chapter 6, I discuss structural, magnetic, and Mossbauer spectroscopy of Mn-substituted
on the Fe-site in BaMnxFe1-xO3. Recently, I discovered multiferroic properties in x = 0.30
compound. A two-step synthesis process was performed to form single-phase perovskite materials.
The high-pressure oxygen anneal method was used for oxygenation of the samples because it was
necessary to obtain small size Fe4+ ion, which is required to have oxygen stoichiometric materials.
Many research studies have been done on Fe-containing oxide materials because of their
interesting structural, electronic, and magnetic properties. The Fe ions have a wide range of
oxidation states: Fe2+, Fe3+, Fe4+, and Fe5+, etc. The interaction between these states results in the
complex magnetic behavior of materials, such as AFM, FM, helicoidal spin, and spin glass
properties. These oxidation states can be determined by oxygen content or the Mossbauer
spectroscopy technique. SrFeO3 (SFO) exhibits cubic perovskite, which contains corner-sharing
octahedra FeO6. The void created by octahedra is occupied by Sr2+ ions. It has been observed that
the magnetic structure of SFO is a helical AFM structure (TN = 134 K) [147]. CaFeO3 shows
orthorhombic perovskite structure, which undergoes charge separation to Fe5+ (t32ge0) and Fe3+
(t32ge2) [148]. This highly stable spin behavior was also found for Ca1-xSrxFeO3 [149]. In the cubic
perovskite manganite SrMn1-xFexO3, two types of ordering were observed: the AFM ordering for
lightly and heavily Fe-substituted material and a spin glass behavior for the intermediate
compositions [150].

The fully oxygenated BaFeO3 (BFO) perovskite with cubic structure for Fe

4+
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(t 2ge ) has
3

1

rare ferromagnetic properties at ambient pressure [151]. The manganese-rich BaMn1-xFexO3-δ (x =
0.15, 0.4) compositions prepared in air exhibited 6H-hexagonal structure in which the magnetic
moments of the cations inside the face-sharing octahedra showed AFM coupled behavior leading
to the short-range order [152]. These properties are similar to the x = 0 (0 ≤ δ ≤ 0.5) layered
hexagonal (2H, 15H, 8H, 6H, 10H, 4H) compounds describer earlier in Chapter 3 [78]. I
investigated the manganese-doped BaMnxFe1-xO3-δ (x = 0.10 - 0.667), which showed intended
single-phase perovskite structure when prepared by the two-step synthesis method. The motivation
for this work was to achieve single-phase multiferroic (possibly ferromagnetic/FE) properties
because ionic sizes indicated required tolerance factor value large than 1. This chapter focuses on
the synthesis process and structural and magnetic properties of the single-phase samples.

6.1.1. Structural Data Collected Using Rigaku Diffractometer

Structural properties of polycrystalline Mn-substituted BFO samples BaMnxFe1-xO3 (x = 0
– 0.667) were studied at room temperature by XRD after every synthesis step. Figure 6.1.1.1 shows
the XRD patterns of all synthesized samples. Two types of single-phase structures were observed:
one was a single-phase rhombohedral perovskite structure with space group R3ch, which showed
a solid solution up to x = 2/3, and the other which was cubic Pm3m up to iron content x = 0.30 at
room temperature.
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Figure 6.1.1.1. XRD taken by the Rigaku Diffractometer in the range 20-70o; A star over a peak
near 29 deg denotes diffraction peak due to Kβ radiation.
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The rhombohedral structure can be described as the distortion of the (Mn,Fe)O6 octahedra
along the <111> axis. As Figure 6.1.1.1 shows for the oxygenated samples in the rhombohedral
structure, the diffraction peaks shifted to the smaller angles; i.e. showing increase of the lattice
parameter, as the Fe-content was increased in the samples. This confirmed larger sizes of the Fe
ions substituting for Mn, as expected, permitting formation of the perovskite structure. However,
in the perovskite cubic structure, the peaks shifted to the higher angles as Fe-content was increased.
The difference of the peak position shifts between two structures was probably due to different
oxygen content in the samples or anisotropic contraction of the cubic structure. Future work would
be required to investigate these effects in detail. However, by comparing the positions of peaks in
the samples before and after annealing at high pressure, an unambiguous peak position shifts was
observed to the right, indicating smaller size Mn/Fe ions and higher oxygen content in oxidized
samples.
6.2. Structural Data Collected at Argonne’s APS
The XRD of the x = 0.30 sample was measured as a function of temperature on heating at
the APS of ANL at a beamline 11-BM-B. Even though that sample did not revile distortion from
the cubic structure at room temperature in XRD at the NIU laboratory, the high resolution XRD
showed tetragonal structure in the temperature range ~ 180 – 350 K. It was found by using the
General Structure Analysis System refinements that this is the same FE tetragonal distortion as
observed in the multiferroic (Sr,Ba)(Mn,Ti)O3 system characterized by displacement of the
(Mn,Fe) ions relative to the oxygens along the c-axis. However, the refinements required presence
of two phases, cubic and tetragonal, thus, the achieved compound was not fully FE. Considering
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the high temperature of transition to tetragonal structure and the presence of magnetic interactions
as shown next, the future study of the pure or Ti-substituted BaMnxFe1-xO3 system is fully justified.

Figure 6.2.1. 2D plot of the temperature dependent XRD data for the sample BaMn0.30Fe0.70O3.
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Figure 6.2.2. XRD pattern and Rietveld refinement at 441 K for cubic BaMn0.30Fe0.70O3 with with
a = 3.879 Å.

Figure 6.2.3. XRD pattern and Rietveld refinement at 280 K for tetragonal BaMn0.30Fe0.70O3 with
a = b = 3.8654 Å and c = 3.8812 Å.

121

6.3. Magnetic Measurements

Figure 6.3.1. Magnetization versus temperature with zero field cooling (ZFC) marked by right
arrow and field cooling (FC) marked by left arrow at two different magnetic fields 0.01 and 1T for
x = 0.15, 0.30, 0.50, and 0.667.

122

Figure 6.3.2. Magnetization hysteresis curves for x = 0.15 (a), 0.30 (b), 0.50 (c), 0.667 (d).

Preliminary magnetic properties were measured by using a Physical Property Measurement
System (PPMS) model 6000 (Quantum Design). At low temperatures, the magnetization data
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shown in Figure 6.3.1 reveal a divergence between zero field cooling (ZFC) and field cooling (FC).
The magnetization values correlate with the amount of the Fe cations. The cusps visible around T
~ 60, 70, 20, and 15 K for x = 0.15, 0.30, 0.50, and 0.667, respectively, in the low field ZFC curve
indicate the spin-glass behavior. Figure 6.3.2 showing the slim hysteresis loop at temperature 4
and 10 K confirmed the spin-glass behavior. The spin-glass behavior is most probably caused by
Fe/Mn disorder with the Fe-Fe and Mn-Mn AFM interactions and the Fe-Mn ferromagnetic
interactions. If possible to achieve, the nearest neighbor ordering of the Fe and Mn could be
possibly used to induce ferromagnetic behavior which would be much more useful for applications
of multiferroics.

6.4. Mossbauer Spectroscopy

Mossbauer spectroscopy is a technique used to provide the information about chemical
shift, structure, magnetic ordering, and dynamic properties of the materials for selected Mossbauer
elements like Fe. I have performed Mossbauer measurement to study the oxidation state and
oxygen environment around Fe/Mn of the BaMnxFe1-xO3 samples. Based on chemical shift or
isomer shift value, I determined the oxidation state of Fe in measured samples. All samples were
measured at room temperature.
Figure 6.4.1 presents the Mossbauer spectra of samples x = 0.10, 0.30, 0.50, and 0.667 at
room temperature. Hyperfine parameters (e.g., isomer shift (δ), quadrupole splitting (Δ), and line
width (Γ) were obtained from the fitted data shown in Table 6.4.1. The Mossbauer spectra of these
samples are fitted with two doublets, which indicated presence of two sites of Fe ions. The
observed value of isomer shift on both sites of Fe are paramagnetic, giving the possible oxidation
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state of Fe contained in the compound. The Γ value (≈ 0.50 mm/s) is little higher due to disorder
or vacancies around Fe. The isomer shifts for high spin Fe3+, Fe4+, and Fe6+ lie in the ranges 0.1 to
0.6, -0.2 to 0.2, and -0.8 to -0.9 mm/s, respectively [153]. Based on these ranges, I infer that the
valance state of Fe for x = 0.1, 0.30, 0.50, and 0.667 are 3+, 3+, 3+, and 3+, respectively. Thus,
based on these local environment measurements it appears that despite using high pressure oxygen
annealing I was not able to produce preferred state of Fe 4+.

Figure 6.4.1. Mossbauer spectra of samples x = 0.10, 0.30, 0.50, and 0.667.
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Table 6.4.1. Parameters Derived from Mossbauer Spectra at Room Temperature
*

Compounds

Iron
Sites

BaMn0.667Fe0.333O3-δ

Site#1

Isomer
Shift
δ (mm/s)
0.359(4)

Site#2

0.264(9)

0.179(1)

0.194

8

0.346(4)

1.172(3)

0.441

49

0.332(1)

0.567(6)

0.564

51

0.332(5)

0.979(1)

0.576

83

0.208(1)

0.184(6)

0.449

17

0.242(5)

0.878(2)

0.407

39

BaMn0.50Fe0.50 O3-δ

Site#1
Site#2

BaMn0.30Fe0.70 O3-δ

Site#1
Site#2

BaMn0.10Fe0.90 O3-δ

Site#1
Site#2

*

0.177(5)

Quadrupole
Splitting
Δ (mm/s)
0.941(9)

0.278(3)

Line
Width
Γ (mm/s)
0.562

0.555

Area
RA (%)
92

61

Isomer shift relative to α-Fe.
In conclusion, the iron-doped BaMnxFe1-xO3 showed three single-phase structures: cubic,

tetragonal, and rhombohedral in the range x = 0.10 - 0.667. The composition x = 0.30 exhibited
weak multiferroic properties: specifically, FE at around 352 K and spin glass below ~ 70 K. The
Mossbauer measurements indicated the oxidation state of Fe 3+ for all compositions.
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CHAPTER 7
FUTURE WORK

The synthesis process of single-phase perovskite manganites (e.g., BaMnxTi1-xO3 with x >
0.167) is not an easy task. This is because of an unfavorable tolerance factor resulting in the
formation of hexagonal structures with mixed corner- and face-sharing octahedra. However, by a
special technique which is called the two-step method, I have expanded the solid solution ranges
that exhibit ferroelectric and magnetic properties. The phase diagrams, such as Sr1-xBaxMnO3 and
Sr1-xBaxMn1-yTiyO3, are very interesting because they show large electric polarization as compared
to that of BaTiO3. The origin of ferroelectricity in these compounds arises from hybridization of
the occupied oxygen p-orbitals and the empty Ti d orbitals and electron occupied Mn d3 orbitals,
as well as magnetism due to the presence of magnetic Mn4+ ions with partially filled d-orbitals.
Future work on Sr1-xBaxMn1-yTiyO3 phase diagram should study multiferroic properties for higher
Ba-content with substitution of nonmagnetic ions (e.g., Ti but also smaller 4+ Ge ions or larger 4+
Zr) on the Mn-site, which could help to explore the correlation between ferroelectric ordering and
magnetic ordering in multiferroic compounds.
Future work on the BaMnxTi1-xO3 system could extend the solubility limit of manganese
in BaTiO3 leading to higher Tc and larger electrical polarization. Ultimately, magnetic phases
could be found. Here as well, substitution of smaller 4+ Ge or larger 4+ Zr d0 ions could help
stabilizing better multiferroics.
The synthesis of single-phase samples in BaMnxFe1-xO3 (x > 0.667) and Sr1-xBaxMn1yFeyO3

(x > 0.5 and y = 0 to 0.05) systems is difficult. It was possible to extend the solid solution

range of Mn in these samples, however, it appears the 4+ state of Fe was not achieved, which
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would favor ferromagnetic interactions. Despite of that, I have already observed weak multiferroic
properties in the single-phase perovskite structure for x = 0.30. Finding more efficient oxidation
methods could lead to better multiferroic BaMnxFe1-xO3 system.
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A1. Upper panel: Magnetization versus applied field and Magnetization versus temperature for
SrMn0.92Ti0.08O3, Lower panel for: Magnetization Vs. applied field and Magnetization versus
temperature of sample SrMn0.80Ti0.20O3.

141

A2. Upper panel: Magnetization versus applied field and Magnetization versus temperature for
SrMn0.70Ti0.30O3, Lower panel for: Magnetization Vs. applied field and Magnetization versus
temperature of sample SrMn0.60Ti0.40O3.
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A3. Synchrotron XRD plot of Sr0.40Ba0.60Mn0.93Ti0.07O3at plane (002)(200) and (101)(110),
respectively.

A4. Right panel: Synchrotron XRD plot, and left panel: lattice parameter versus temperature for x
= 0.65 and y = 0.06.
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A5. Structural transition temperature: Upper panel at temperature 257 K, and lower panel at 140
and 160 K.

